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A color video printer and a photo CD player which 
use a Liquid Ink Fault Tolerant (LIFT) drop on demand 
printing mechanism. The color video printer system 
comprises a video fomiat convener v^uch changes die 
video input fonnat to a fomi suitable for storage in a 
digital frame store, a digital frame store, an optional 
digital image processing system, a digital halftoning 
unit (preferably using vector error diHusioa), a data 
phasing unit, and a concurrent drop selectimi and dn^ 
separation printing mechanism using liquid ink. Ibe 
system c^teiates by capturing a single frame of a video 
signal. This frame is stored in a continuous tone frame 
stcne. The image may be processed to remove inter- 
field motion anifacts, or to provide various fonns of 
image enhancement When die image is ready to be 
primed, the digital hnage contained in the frame store 
is digitally halftcmed in real-time and printed by the 
printing head. The PhotoCD player operates in a usual 
manner when viewing digitally encoded photographs on 
a television set or video monitor. When a photogrqth is 
to be printed, die digitally compressed and encoded data 
is read from the PhotoCH) using a CD-ROM drive. This 
data is decmpressed into continuous Uxc raster image 
data, which is convened to a bi-level image by digital 
halftoning, and stored in a bi-level image memory. The 
contents of the bi-level image monoiy can Oicn be printed 
using the concunent drop selecdon and dn^ separation 
printing bead. 
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A COLOR VIDEO PRINTER AND A PHOTO CD 
SYSTEM WITH INTEGRATED PRINTER 

Field fif the Invcntinn 

The present invoiticm is in the field of computer controlled printing 
5 devices. In particular^ the field is thennaUy activated drop on demand (DOD) 
printing systems. 

The present invention is an apparatus for printing color images from 
a video signal. Color video printers can be used to obtain printed images, or 'hard 
copy\ from various video sources. Examples of Aese sources are still video 

10 cameras, video cassette recorders, video camcorders, security cameras, video 

equipped computers, multi-media computers, broadcast television, cable television, 
and video-conferencing syst^ns. Video printers have not yet become a high volume 
consume: item. One reason for slow acceptance of video printers is their high price 
relative to tfadr peroraved benefit Anotfier reason is that video images typically 

1 5 look poor whm printed larger than a 40 mm diagonal. This is due to the low 
resolution of video images. Another reason is the high print cost for each image 
printed, as many video printers require special psf>er or Dye Difi^ision Thermal 
TransfCT (D2T2) sheets. Slow print times have also been a factor in the low market 
acceptance of video printers. The major obstacle in the development of low cost, 

20 high quality video printos has been the lack of a suitable color printing mechanisnL 
Eastman Kodak Company of the USA has developed an electronic 
photogrs^h storage and viewing system called PhotoCD. This systm uses writable 
CD-ROMs to store digital representations of photographic images. These images 
can be viewed using a television set, or can be transferred to a computer system and 

25 used for such purposes as desktop publishing. Eastman Kodak and oAer 

manufacturers are producing devices intended for the consumer market which allow 
the viewing of these digitally stored photographs on domestic television sets. These 
devices are called PhotoCD "flayers**. These players allow the user to view 
photographs on a television set, but should the user require a print of one or more 
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of the images, the PhotoCD must be taken to a siiitably equipped photograph 
processing lab. Many consumers are likely to require the ability to make a print 
quickly, and on demand. This feature can be achieved by either connecting or 
incorporating a digital color printer into the PhotoCD player. However, in the prior 
S an, there exists no color printing technology which is sufficiently low in cost and 
high in quality to produce a satisfactoxy solution to this problm. 

Backpmmid of the InventiQii 

Many different types of digitally controlled printing systems have 
been invented, and many types are currmtly in production. These printing systems 

10 use a variety of actuation mechanisms, a variety of maxking materials, and a variety 
of recording media. Examples of digital printing systems in cmmit use include: 
laser electrophotogn^faic printers; LED electrophotogrsq^hic printers; dot matrix 
impact printers; tfaemial paper printers; film recorders; thetmal wax printers; dye 
diffusion thermal transfer printers; and ink jet printers. However, at present, such 

1 5 electronic printing systms have not significantly replaced mechanical printing 

presses^ even thougfh this conventional method requires very expensive setup and is 
seldom commercially viable unless a few Aousand copes of a pardcular page are to 
be printed. Thus, there is a need for improved digitally controlled printing systems, 
for example, being able to produce high quality color images at a high-speed and 

20 low cost, using standard paper. 

Inkjet printing has become recognized as a prominent contender in 
the digitally controlled, electronic printing arena because, e.g., of its non-impact, 
low-noise characteristics, its use of plain paper and its avoidance of toner transfers 
and fixing. 

25 Many types of ink jet printing mechanisms have been invented. 

These can be categorized as either continuous ink jet (CU) or drop on demand 
(DOD) ink jet Continuous ink jet printing dates back to at least 1929: Hansell, US 
PatNo. 1,941»(X)1. 

Sweet et al US PaL No* 3,373,437, 1967, discloses an array of 

30 continuous ink jet nozzles where ink drops to be printed are selectively charged and 
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deflected towards the recording medium. This technique is known as binaiy 
deflection CIJ, and is used by several manufacturers, including Elmjet and Scitex. 

Hertz et al US Pat No. 3,41 6» 153, 1966, discloses a method of 
achieving variable optical density of printed spots in CU printing using die 

5 electrostatic dispersion of a charged drop stream to modulate the nimiber of 
droplets which pass through a small aperture. This technique is used in ink jet 
printers manufactured by Iris Graphics. 

Kyser et al US Pat No. 3.946,398, 1970, discloses a DOD Inkjet 
printer which implies a high voltage to a piezoelectric crystal, causing die crystal to 

1 0 bend, applying pressure on an ink reservoir and jetting drops on demand. Many 
^pes of piezoelectric drop on draaand printers have subsequently been invented, 
which utilize piezoelectric crystals in bend mode, push mode, shear mode, and 
squeeze mock. Kezoelectric DOD printos have achieved conmiercial success using 
hot melt inks (for example^ Tektronix and Dataproducts printers), and at image 

15 resolutions up to 720 dpi for home and office printers (Seiko Epson). Piezoelectric 
DOD printers have an advantage in being able to use a wide range of inks. 
However, piezodectric printing mechanisms usually require complex high voltage 
drive circuitry and bulky piezoelectric crystal arrays, which are disadvantageous in 
regard to manufacturabili^ and poformance. 

20 Endo et al GB Pat No. 2,007,162, 1979, discloses an elecu^othermal 

DOD ink jet printer which applies a power pulse to an electrothermal transducer 
Oieater) which is in thermal contact with ink in a nozzle. The heater rapidly heats 
water based ink to a high temperature, whereupon a small quantity of ink rapidly 
evaporates, forming a bubble. The formation of these bubbles results in a pressure 

25 wave which cause drops of ink to be ejected from small apertures along the edge of 
the heater substrate. Hiis technology is known as Bubblejet™ (trademark of Canon 
K.K. of Js^an), and is used in a wide range of printing systraas from Canon, Xerox, 
and other manufacturers. 

Vaught et al US Pat No. 4,490,728, 1982, discloses an 

30 electrothermal drop ejection system which also operates by bubble formatioiL In 
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this system, drops are ejected in a direction normal to the plane of the heattf 
substrate, through nozzles fomied in an aperture plate positioned above the heater. 
This system is known as Thennal Ink Jet, and is manufactuxed by Hewlett-Packard. 
In this document, the term Thennal Ink Jet is used to refer to both the Hewlen- 

5 Packard system and systems commonly known as Bubblejet™« 

Thennal Ink Jet printing typically requires approximately 20 ^J over 
a period of approximately 2 to eject each drop. The 10 Watt active power 
consumption of each heater is disadvantageous in itself and also necessitates special 
inks, complicates the driver electronics and precipitates deterioration of heater 

10 elements. 

Other ink jet printing systems have also been described in technical 
literature, but are not currency used on a commercial basis. For example, U.S. 
Patent No. 4,275,290 discloses a systrai wherein the coincident address of 
predetermined print head nozzles with heat pulses and hydrostatic pressure, allows 

IS ink to flow freely to spacer-separated paper, passing beneath the print head. U.S. 
Patent Nos. 4,737,803; 4,737,803 and 4,748,458 disclose ink jet recording systems 
wherein the coincident address of ink in print head nozzles with heat pulses and an 
electrostatically attractive field cause ejection of ink drops to a print sheet 

Each of the above-described inkjet printing systems has advantages 

20 and disadvantages. However, there remains a widely recognized need for an 

improved inkjet printing abroach, providing advanuges for example, as to cost, 
speed, quality, reliabili^, power usage, simplici^ of construction and operation, 
durabili^ and consumables. 

Summary of the InvcntiQii 
25 My concurrently filed applications, entided "Liquid Ink Printing 

Apparatus and System" and "Coincident Drop*Selection, Drop-Separation Printing 
Method and System" describe new methods and apparatus that afford significant 
improvemmts toward overcoming the prior art problems discussed above. Those 
inventions offer important advantages, e.g., in regard to drop size and placement 
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accuracy, as to printing speeds attainable^ as to power usage, as to durabiliQr and 
operative thennal stresses encountered and as to otiier printer performance 
characteristics, as well as in regard to manufacturahility and the characteristics of 
useful inks. One important purpose of the present invention is to further enhance 
5 the structures and methods described in those applirations and thereby contribute to 
the advancement of printing technology. 

The invention provides a color video printer using a drop on d^and 
printing head operating on the concurrent drop selection and drop separation 
printing princ^le^ 

10 A preferred form of tiie invention provides a color video printing 

apparatus comprising: 

1) a video input format conversion process; 

2) a digital frame store; 

3) a digital halfuming unit which converts the continuous toiieinuge data sto 
IS in the digital frame store to bi^levd image data; 

4) a data distribution and tinting system which provides the bi-level image data to 
the printing head at the correct time during a printing operation; and 

5) a hi-level color printing mechanism opmting on the concurrent drop selection 
and drop separation printing princ^le. 

20 A preferred aspect of the invention is that the bi-level printing 

mechanism is a single monolithic concurrent drop selection and drop separation 
printing head which can print to the full width of the photographic print. 

A alternative preferred aspect of the invention is that the bi-level 
printing mechanism is composed of a plurality of monolithic concurrent drop 
25 selection and drop separation printing heads. 

A preferred aspect of the invention is that the print paper is in the 
form of pre-cut sheets. 

An alternative preferred aspect of the invention is that the print 
paper is in the form of a continuous roll, and which incorporates an automatic paper 
30 cuttw. 
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Another preferred form of the invention is a color video printing 
apparatus comprising: 

1) a video input format conversion process; 

2) a digital frame store; 

5 3) a digital image processing system; 

4) a digital halftomng unit which converts the continuous tone image data stored 
in the digital fi^une store to bi*level image data; 

5) a data distribution and timing system which provides the bi*level image data to 
the printing head at the correct time during a printing operation; and 

10 6) a bi-level color printing mechanism operating on the concuirait drop selection 
and drop separation printing principle. 

A preferred aspect of the invention is that the digital image 
processing unit ronoves inter-field motion artifacts from the digital image in the 
frame store. 

IS Another preferred aspect of fhe invention is Aat the digital image 

processing unit reduces image noise in die digital image in fiie frame store. 

Another preferred aspect of the invention is that the digital image 
processing unit digitally filters the distal image in die frame store. 

Another preferred aspect of die invention is that the digital image 
20 processing unit comprises a microprocessor or microcomputer^ interface hardware, 
and image processing software. 

Another preferred fom of the invention provides a PhotoCD player 
incorporating a printing apparatus comprising: 
1) a computing element; 
25 2) digital data storage system; 

3) a CD-ROM drive; 

4) an image decompression system; 

5) a digital halftoning system; 

6) a bi-levd image memory; 

30 7) a data distribution and timing system which provides the bi-level image data to 
the printing head at the correct time during a printing operation; and 
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8) a bi-level printing mechanism operating on the concuirent drop selection and 
drop sq)aration printing principle. 



5 Brief Descrintioii of the DniwiTif g 

Figure 1(a) shows a simplified block schematic diagram of one 
exemplary printing apparatus according to the present invention. 

Figure 1 (b) shows a cross section of one variety of nozzle tip in 
accordance with the invoition. 
10 Figures 2(a) to 2(f) show fluid dynamic simulations of drop 

selection. 

Hgure 3(a) shows a finite elment fluid dynamic simulation of a 
nozzle in operation according to an embodimmt of the invration. 

Figure 3(b) shows successive meniscus positions during drop 
15 sdection and sq>aratioiL 

Figure 3(c) shows the temperatures at various points during a drop 
selection cycle. 

Figure 3(d) shows measured sutface tension versus temperature 
curves for various ink additives. 
20 Hgure 3(e) shows the power pulses which are applied to the nozzle 

heater to generate the temperature curves of figure 3(c) 

Hgure 4 shows a block schematic diagram of print head drive 
circuitry for practice of the invention. 

Hgure S shows projected manufacturing yields for an A4 page width 
25 color print head onbodying features of die invention, with and without fault 
tolerance. 

Hgure 6(a) shows a simplified schematic diagram of a color video 
printer using a concurrent drop selection and drop separation printing technology. 

Hgure 6(b) shows a simplified schematic diagram of a PhotoCD 
30 player incorporating a printer using concurrent drop selection and drop separation 
printing technology. 
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Figure 7(a) shows a top view of major component placement in one 
configuration of the printer. 

Figure 7(b) shows a side view of major component placement in 
one configuration of the printer. 
5 Figure 8 shows a perspective view of one possible configuration of 

the printer. 

netailed Description of Preferred Embodimente 

According to one feamre of the invention, a color video printer uses a drop 
on demand concurrent drop selection and drop separation printing mechanism. 

10 The system consists of a video digitizer, a digital video frame store» an optional 
digital image processing system, a digital halftoning unit, a data phasing unit, and 
a printing mechanism using liquid ink. The print is created in three stages. These 
are an image capture stage, where a single frame of a video signal is digitally 
captured in real-time and stored in a frame store. The second stage is an image 

IS processing stage, which may be implemented in software and is not required to 
occur in real time. The major functions of this stage are the removal of motion 
between the two fields of the video frame, image enhancement, and optional image 
effects. The tiurd stage is printing the image. In this stage continuous tone image 
information from the frame store is digitally halftoned and printed by the printing 

20 head. 

According to another feature of the invention, a user can view 
digitally encoded photographic images on a television set or video monitor. During 
viewing, a television resolution version of the image is read from the PhotoCD« 
stored in semiconductor memory, decompressed, and displayed on the television 
25 monitor* The us^ can 'browse* through tiiese images at will. When the user wishes 
to print one of these images, a high resolution version of the image, also stored on 
the PhotoCX), is accessed. 

This high resolution image is decompressed and converted to a bi* 
level image by vector error diffusion or an alternative form of digital halftoning, and 
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stoied in a bi-level image memory. The contents of the bi-level image memory are 
th»i printed using a LIFT printing head. 

In one general aspect, the invention constitutes a drop-on-demand 
printing mechanism wherein iht means of selecting drops to be printed produces a 
5 difference in position between selected drops and drops which are not selected, but 
which is insufficient to cause the iiik drops to ova-come the ink surface tension and 
separate from the body of ink, and wherein an alternative means is provided to 
cause separation of the selected drops from the body of ink. 

The separation of drop selection means from drop separation means 
10 significantly reduces the energy required to select which ink drops are to be printed. 
Qoly the drop selection means must be dxivca by individual signals to each nozzle. 
The drop separation means can be a field or condition applied simultaneously to aH 
nozdes. 

The drop selecticm means may be chosen from, but is not limited to, 
IS the following Kst: 

1 ) Electrothermal reduction of surface tension of pressurized irdc 

2) Electrothermal bubble generation, with insufficient bubble volume to cause 
dropejecdcm 

3) Piezoelectric, with insufficient volume change to cause drop ejection 
20 4) Electrostatic attraction with one electrode per nozzle 

The drop sq>aration means may be chosen from, but is not limited 
to, the following list: 

1) Proximi^ (recording medium in close proximi^ to print head) 

2) Proximity witfi oscillating ink pressure 
25 3) Bectrostatic attraction 

4) Magnetic attraction 

The table *T>OD printing technology targets*' shows some desirable 
characteristics of drop on demand printing technology. The table also lists some 
methods by which some raabodiments described herein, or in other of my related 
30 applications, provide improvemmts over the prior art 
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DOD printing technology targets 



Target 


Mediod of achieving improvement over prior art 


High speed operatioii 


Practical^ low cost, pagewidth printing heads with more 
than 10^000 nozzles. Monolithic A4 pagewidth print 
heads can be manufactured using standard 300 nun 

/I mafia 
\X.^ ) SlUCUU WoXCIa 


Higjh image quality 


High resolution (800 dpi is sufficient for most 
applications), six color process to reduce image noise 


Full color operation 


Halftoned process color at 800 dpi using stochastic 
screening 


Ink fleadbiUty 


Low operating ink temperature and no requiremotit for 
bubble formation 


Low power 
requirements 


Low power operation results from drop selection means 
not being required to fully eject drop 


Low cost 


Monolithic print head without aperture plate* high 
manufacturing yield, small number of electrical 
connecdons, use of modified existing CMOS 
manufacturing facilities 


High manufacturing 
yield 


Integrated fault tolerance in printing head 


High reUabifity 


Integrated fault tolerance in printing head. Elimination 
of cavitation and kogation. Reduction of thermal shock. 


Small number of 
electrical connections 


Shift registm, ccmtrol logic, and drive circuitry can be 
integrated on a monolithic print head using standard 


Use of existing VLSI 

manufacturing 

fadlities 


CMOS compatibility. This can be achieved because the 
heater drive power is less is than 1% of Thermal Ink Jet 
heater drive power 


Electronic collation 


A new page compression system which can achieve 
100:1 compression with insignificant image 
degradation, resulting in a compressed data rate low 
enough to allow real-time printing of any combination 
of thousands of pages stored on a low cost magnetic 
disk drive. 



In thennal ink jet (TU) and piezoelectric ink jet systems, a drop 
velocity of approximately 10 meters per second is preferred to ensure that the 
S selected ink drops overcome ink surface tension, separate from the body of the ink. 
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and stxike the lecoiding medium. These systems have a veiy low efficiency of 
conversion of electrical energy into drop kinetic energy. Hie efficiency of TU 
systms is ^^proximately 0.02%). This means that the drive circuits for TU print 
heads must switch high currents. The drive circuits for piezoelectric ink jet heads 
must either switch high voltages, or drive highly capadtive loads. The total power 
consumption of pagewidth TD printheads is also v^y high. An 800 dpi A4 full 
color pagewidth TU print head printing a four color black image in one second 
would consume approximately 6 kW of electrical power, most of which is 
conv^ted to waste heat Hie difficulties of removal of this amount of heat 
precludes the production of low cost, high speed, high resolution compact 
pagewidth TO systems. 

Qneimportantfeatureofraibodiments of the invention is a means of 
significantly reducing the energy required to select which ink drops are to be 
printed. This is achieved by sqiaradng the means for selecting ink drops from the 
means for ensuring that selected drops sq>arate from the body of ink and form dots 
on the recording medium. Only the drop selection means mustbedrivmby 
individual signals to each nozzle. The drop sqparotion means can be a field or 
condition applied simultaneously to all nozzles. 

The taUe 'Ttop selection means** shows some of the possible means 
for selecting drops in accordance with the invention. The drop selection means is 
only required to create sufficient change in the position of selected drops that the 
drop separation means can discriminate between selected and unselected drops. 



Drop selection means 



Method 


Advanti^e 


Undtatioii 


1. Electrothennal 
reduction of surface 
tension of 
pressurized ink 


Low temperature 
increase and low drop 
selection energy. Can be 
used with many ink 
types. Simple fabricatioiL 
CMOS drive circuits can 
be fabricated on same 
substrate 


Requires ink pressure 
regulating mechanism. Iidc 
surface tension must reduce 
substantially as temperature 
increases 
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2. Electrothermal 
reduction of ink 
viscosityt combined 

pressm« 


Medium drop selection 
energy, suitable for hot 
melt and oil based inks. 

^ lull/ Aw IttUllWAUUU* 

CMOS drive dicuits can 
be fabricated on same 
substrate 


Requires ink pressure 
oscillation mechanism* Ink 
must have a large decrease 

HI TAOWoi^jr so i»>ij tLf^m omi w 

increases 


3. Electrothermal 
bubble generation^ 
witti msumcieni 
bubble volume to 
cause drop ejection 


Wdl known technology, 
simple fabrication, 
Dipoiar onve cuvuiis can 
be fabricated on same 
substrate 


High drop selection energy, 
requires water based ixik, 
proDiuns wiui Kogouun, 
cavitation, thermal stress 


4. Piezoelectric, with 
insufficient Toiume 

VFtl"K M# VSftHW Mr 

ejection 


Many types of ink base 
can be used 


High manufacturing cost, 
incompatible with 
integrated circuit nrocesses. 
high drive voltage, 
mechanical complexity, 
buDgr 


5. Electrostatic 
attraction wifli one 
electrode per nozzle 


Simple electrode 
fabrication 


Nozzle pitch must be 
relatively large. Crosstalk 
between adjacent electric 
fields. Requires high 
voltage drive circuits 



Other drop selection means may also be used. 

The preferred drop selection means for water based inks is method 
1: ''Bectrotheraial reduction of surface tension of pressurized inl^\ This drop 
5 selection means provides many advantages over other systems, including; low 
power operation (q)prox]matdy 1% of TO), compatibility widi CMOS VLSI chip 
fabrication, low voltage operation (approx. 10 V), high nozzle density, low 
temperature operation, and wide range of suitable ink formulations. The ink must 
exhibit a reduction in surface tension with increasing temperature. 
10 The prefixed drop selection means for hot melt or oil based inks is 

method 2: '"Electrodiermal reduction of ink viscosity, combined with osdDating irik 
pressure**. Ibis drop selection means is particularly suited for use with inks which 
exhibit a large reduction of viscosity with increasing temperature, but only a small 
reduction in surface tension. This occurs particularly with non-polar ink carriers 
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witfa relatively high molecular weight This is especially applicable to hot melt and 
oil based inks. 

The table •T>rop sq)aratioii means" shows some of the possible 
methods for separating selected drops from the body of inV^ and ensming that the 
5 selected drops form dots on the printing medium. The drop separation means 

discriminates between sdected drops and unsdected drops to ensure that unselected 
drops do not f omi dots on die printing medium. 



Drop separation means 





Advantage 


Umitetion 


1. QectrosUitic 
attraction 


Can print on rough 
surfaces, simple 
implemmtation 


Requires high voltage 
power supply 


2. AC electric field 


NBgher field strength is 
possiDie man eiecirostauCv 
operating margins can be 
increased, ink pressure 
reduced, and dust 
accumulation is reduced 


Requires high voltage AC 
power supply synchronized 
to drop ejection phase. 
Multiple drop phase 
operation is difficult 


(print head in dose 
proximity to, but 
not touchingi 
recording medium) 


Very small spot sizes can 
be achieved Very low 
power dissipadoiL High 
drop position accuracy 


Requires print medium to be 
very close to print head 
surface, not suitable for 
rough print media, usuaUy 
requires transfer roller or 
bdt 


4. Transfer 
Proziniity (print 
head is in dose 
proximity to a 
transfer roller or 
bdt 


Very small spot sizes can 
be achieved, very low 
power dissipation, high 
accuracy, can print on 
rough pqmr 


Not compact due to size of 
transfer roller or transfer 
bdt 


5. Proximity with 
oscillating ink 
pressure 


Useful for hot melt iiiks 
using viscosity reduction 
drop selection method, 
reduces possibility of 
nozzle clogging, can use 
pigments instead of dyes 


Requires print medium to be 
very close to print head 
surface, not suitable for 
rough print media. Requires 
ink pressure oscillation 
apparatus 
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6. Magnetic 


Can print on rough 


Requires uniform high 


attraction 


surfaces. Low power if 


magnetic field strength^ 




permanent magnets are 


requires magnetic ink 




used 





Other drop separation means may also be used. 
The preferred drop separation means depends upon the intended use. 
For most applications, method 1: '"Electrostatic attraction", or method 2: "AC 

5 electric field" are most appropriate. For applications where smooth coated paper or 
film is used, and very high speed is not essential, method 3: *Troximity'* may be 
appropriate. For high speed, high quali^ systems, method 4: 'Transfer proximity" 
can be used. Method 6: ''Magnetic attraction" is appropriate for portable printing 
sysiKns where the print medium is too rough for proximity printing, and the high 

10 voltages required for electrostatic drop separation are undesirable. There is no clear 
'best* drop separation means which is applicable to all circumstances. 

Further details of various types of printing systems according to the 
present iavention are described in tiie following Australian patent specifications filed 
on 12 April 1995. the disclosure of which are hereby incorporated by reference: 

IS 'A Liquid ink Fault Tolerant (LIFT) printing mechanism* (Filing no.: 

PN2308); 

'Electrothermal drop selection in LIFT printing' (Filing no.: PN2309); 
'Drop separation in LIFT printing by print media proximity* (Filing no.: 
PN2310); 

20 'Drop size adjustment in Proximity LIFT printing by varying head to 

media distance' (Filing no.: PN2311); 

'Augmenting Proximity LIFT printing with acoustic ink waves* (Filing 
no.: PN2312); 

'Electrostatic drop separation in LIFT printing' (Filing no.: PN2313); 
25 'Multiple simultaneous drop sizes in Proximity LIFT printing* (Filing no.: 

PN2321); 

'Self cooling operation in thermaSy activated print heads* (Filing no.: 
PN2322); and 
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'Theimal ^^scosily Reduction LIFT printing* (pUhig no.: PN2323). 

A simplified schematic diagram of one preferred printing system 
according to the invention appears in Hgure l(a)« 

An image source 52 may be raster image data from a scanner or 

5 computer, or outline image data in the form of a page description language (PDL), 
or other forms of digital image represmtation. This image data is conv^ted to a 
pixel*mapped page image by the image processing system 53. This may be a raster 
image processor (RIP) in the case of ¥DL image data, or may be pixel image 
manipulation in the case of raster image data. Continuous tone data produced by the 

10 image processing imit S3 is halftoned. Halftoning is performed by the Digital 

Halftoning unit 54. Halftoned bitmap image data is stored in the image memory 72. 
Depending upon the printer and systom configuration, tiie image memory 72 may be 
a fiiU page memory, or a band memory. Heater control circuits 71 read data from 
the image memory 72 and i^ply tim&-varying electrical puis es to the nozzle heatm 

IS ( 103 in figure 1 Cb)) that are part of die print head 50. These pulses are applied at an 
appropriate time, and to the appropriate nozde, so that selected drops will form 
spots on iht recording medium 51 in the appropriate position designated by the data 
in the image mmory 72. 

The recording medium 51 is moved relative to d&e head 50 by a 

20 paper transport system 65, which is electronically controlled by a paper transport 
control system 66, which in turn is controlled by a microcontroller 315. The paper 
transport system shown in figure 1(a) is sctonadc only, and many different 
mechanical configumtions are possible. In the case of pagewiddi print heads, it is 
most convenient to move the recording medium 51 past a stationary head SO. 

25 However, in the case of scanning print systems, it is usuaDy most convenint to 
move the head 50 along one axis (the sub-scaxming direction) and the recording 
medium 5 1 along the ordiogonal axis (the nudn scanning direcdon), in a relative 
raster motioiL The microcontroller 315 may also control the ink pressure regulator 
63 and the heater control circuits 71. 

30 For printing using surface toision reduction, ink is contained in an 

irik reservoir 64 under pressure. In the quiescent state (widb no ink drop ejected). 



SMSDOaO: <WO_9632285A1 JL^ 



wo 96/32265 



PCT/U596/04907 



-16- 

the ink pressure is insufficient to overcome the ink surface tension and eject a drop. 
A constant ink pressure can be achieved by applying pressure to the ink reservoir 64 
under the control of an ink pressure regulator 63. Alternatively^ for larger printing 
systems, the ink pressure can be very accurately generated and controlled by 
S situating the top surface of the ink in the reservoir 64 an appropriate distance above 
the head SO. This ink level can be regulated by a simple float valve (not shown). 

For printing using viscosity reduction* ink is contained in an ink 
reservoir 64 tmder pressure, and the ink pressure is caused to oscillate. The means 
of producing this osdUation may be a piezoelectric actuator mounted in die ink 
10 channels (not shown). 

Whra properly ananged with the drop separation means, selected 
drops proceed to form spots on the recording medium SI, while unselected drops 
remain part of Ae body of ink. 

The ink is distributed to the back surface of the head SO by an ink 
IS channel device 7S. The ink preferably flows through slots and/or holes etched 

through the silicon substrate of the head SO to the front surface, where the nozzles 
and actuators are situated. In the case of thCTial selection, the nozzle actuators are 
electrothermal heaters. 

bi some types of printers according to the invention, an external field 
20 74 is required to ensure that the selected drop separates from the body of the ink 
and moves towards the recording medium SI. A convenient external field 74 is a 
constant electric field* as the ink is easily made to be electrically conductive. In itvs 
case, the paper guide or platen 67 can be made of electrically conductive material 
and used as one electrode generating the electric field. The other electrode can be 
25 the head 50 itself. Another embodiment uses proximity of the print medium as a 
means of discriminating betwem selected drops and unselected drops. 

For smaU drop sizes gravitational force on the ink drop is veiy small; 
approximately KT* of the surface tension forces, so graviQr can be ignored in most 
cases. This allows the print head SO and recording medium SI to be orirated in any 
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direction in relation to the local gravitational fidd. This is an important requiremmt 
for portable printers. 

Figure ICb) is adetail ralargement of a cross section of a single 
microscopic nozzle tip embodiment of Ae invention, fabricated using a modified 

5 CMOS process. The nozzle is etched in a substrate 101, which may be silicon, 
glass, metal, or any other suitable material. If substrates which are not 
semiconduaor materials are used, a semiconducting material (such as amorphous 
silicon) may be deposited on the substrate, and integrated drive transistors and data 
distribution circuitiy may be formed in the surface semiconducting layer. Single 

10 crystal silicon (SCS) substrates have several advantages, including: 

1 ) High performance drive transistors and other circuitry can be fabricated in 
SCS; 

2) Print heads can be fabricated in existing facilities (fabs) using standard VLSI 
processing equipmetit; 

IS 3) SCS has high mechanical strength and rigidi^ and 
4) SCS has a higli thermal conductivity. 

M this example, the nozde is of cylindrical fonm»whh&eheat» 103 
forming an annutus. The nozzle tip 1 04 is fomied from silicon dioxide layers 102 
deposited during the f abricaticm of the CMOS drive circuitry. The nozzle tip is 

20 passivated with silicon nitride. The protruding nozzle tip controls the contact point 
of the pressurized ink 100 on the print head surface. The print head surface is also 
hydrophobized to prevent accidental spread of ink across the front of die print head. 

Many otfier configuradons of nozzles are possible, and nozde 
embodiments of the invendon may vary in shs^, dimensions, and materials used. 

25 Monolithic nozzles etched from the substrate upon which the heater and drive 
electronics are fomied have the advantage of not requiring an orifice plate. The 
elimination of the orifice plate has significant cost savings in manufacture and 
assembly. Recent methods for eliminating orifice plates include the use of "vortex* 
actuators such as those described in Domoto et al US Pat No. 4480,158, 1986, 

30 assigned to Xerox, and MiUer et al US Pat No. 5,37 1,327, 1994 assigned to 

Hewlett-Packard. These, howev^ are comjplex to acmate, and difficult to fabricate. 
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The preferred method for elimination of orifice plates for print heads of the 
invention is incorporation of the orifice into the actuator substrate* 

This type of nozzle may be used for print heads using various 
techniques for drop separation. 

5 Operation with Electrostatic Dron Senaration 

As a first example, operation using thermal reduction of surface 
tension and electrostatic drop separation is shown in figure 2. 

Figure 2 shows the results of energy transport and fluid dynamic 
simulations performed nsiDg FIDAP, a comm^rial fluid dynamic simulation 
10 software package available from Fluid Dynamics Inc., of Illinois, USA. This 

simulation is of a thermal drop selection nozzle onbodiment with a diameter of 8 
^m, at an ambient temperature of 30^C. The total energy applied to the heat^ is 
276 nl, applied as 69 pulses of 4 nJ each. The ink pressure is 10 kPa above ambient 
air pressure, and tte ink viscosity at SOX is 1.84 cPs. The ink is water based, and 
15 includes a sol of 0.1% palmitic acid to achieve an enhanced decrease in surface 
tension with increasing temperature. A cross section of the nozzle tip from the 
central axis of the nozzle to a radial distance of 40 ^m is shown. Heat flow in Ae 
various materials of the nozzle, including silicon, silicon nitride, amorphous silicon 
dioxide, crystalline silicon dioxide, and water based ink are simulated using the 
20 respective densities, heat capacities, and thermal conductivities of the materials. The 
time step of the simulation is 0.1 ^s. 

Figure 2(a) shows a quiescent state, just before the heater is 
actuated. An equilibrium is created whnieby no iok escapes the nozzle in the 
quiescent state by ensuring that Ae ink pressure plus external electrostatic field is 
25 insufficient to overcome the surface tension of the iiik at the ambient temperature. 
In the quiescrat state, the meniscus of the ink does not protrude significantly from 
the print head surface, so the dectrostatic field is not significantly concentrated at 
the meniscus. 
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Hgure 2(b) shows thennal contours at S^C intervals 5 \Ls after the 
start of the heater energizing pulse. When the heater is energized* the ink in contact 
with the nozzle tip is rapidly heated. The reduction in surface t^ision causes the 
heated portion of the meniscus to rapidly expand relative to the cool ink meniscus. 

5 This drives a convecti ve flow which npidly transports this heat over part of the free 
surface of the ink at the nozzle tip. It is necessary for the heat to be distributed over 
the ink surface* and not just where the ink is in contact widi the heater. This is 
because viscous drag against the solid heater pievents the ink directly in contact 
with the heater fit>m moving. 

10 Figure 2(c) shows thermal contours at S'^C intervals 10 \xs after the 

start of die heater energizing pulse. The increase in temperature causes a decrease 
in surface tension, disturbing the equilibrium offerees. As the entire meniscus has 
been heated, the ink begins to flow. 

Hgure 2(d) shows thermal contours at S^'C intervals 20 \is after the 

IS start of the heater energizing pulse. The ink pressure has caused the ink to flow to a 
new mraiscus position, which protrudes from the print head. The electrostatic field 
becomes concentrated by the protruding conductive ink drop. 

Figure 2(e) shows thermal contours at S^C intervals 30 \xs after the 
start of the heater oiergiang pulse, which is also 6 (is after the end of the heater 

20 pulse, as the heater pulse duration is 24 ^s. The nozzle tip has rapidly cooled due to 
conduction dirough the oxide layers, and conducdon into the flowing irik. The 
nozzle tip is efifectively 'water cooled* by die ink. Electrostatic attraction causes the 
ink drop to begin to accelerate towards the recording medium. Were the heater 
pulse significandy shorter Cess dian 1 6 ^is xd this case) the ink would not accelerate 

25 towards the print medium, but would instead return to the nozzle. 

Figure 2(f) shows thermal contours at intervals 26 \is after the 
end of the heater pulse* The temperature at the nozzle tip is now less than 5^C 
above ambi^ temperature. This causes an increase in surface tension around the 
nozzle tip. When the rate at which the ink is drawn from the nozzle exceeds the 

30 viscously limited rate of ink flow through the nozde, die ink in the region of the 
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nozzle tip 'necks', and the selected drop separates from the body of ivk. The 
selected drop then travels to the recording medium under the influence of the 
external electrostatic field. The meniscus of the ink at the nozzle tip then returns to 
its quiescent position, ready for the next heat pulse to select the next ink drop. One 

5 ink drop is selected, separated and forms a spot on the recording medium for each 
heat pulse. As Ae heat pulses are electricaDy controlled, drop on demand ink jet 
operation can be achieved 

Figure 3(a) shows successive meniscus positions during the drop 
selection cycle at 5 |xs intervals, starting at the beginning of the heater energizmg 

10 pulse. 

Figure 3(b) is a ffraph of meniscus position versus time, showing the 
movement of the point at the centre of the meniscus. The heater pulse starts 10 \is 
into the simulation. 

Figure 3(c) shows the resultant curve of temperature with xespect to 
IS timeatvariouspointsin tfie nozzle. The vertical axis of the grs^h is tonpmture, in 
imits of 10(rc The horizontal axis of the gn^h is time, in units of 10 \xs. The 
temperature curve shown in figure 3(b) was calculated by FIDAP, using 0.1 ^s time 
steps. The local ambient temperature is 30 degrees C. Tanperature histories at 
three points are shown: 
20 A - Nozzle tip: This shows the temperature history at the circle of 

contact between the passivation layer, the ink, and air. 

B - Mraiscus midpoint: This is at a drole on Ae ink memscns 
midway betweui the nozzle tip and the centre of the meniscus. 

C - Chip surface: Tliis is at a point on the print head surface 20 \im 
25 from the centre of the nozzle. Tlie temperature only rises a few degrees. This 
indicates that active circuitry can be located very close to the nozzles without 
experiencing performance or lifetime degradation due to elevated temperatures. 

Figure 3(e) shows the power applied to the heater. Optimum 
operation requires a sharp rise in t^peraturo at the start of the heater pulse, a 
30 maintenance of the temperature a litde below the boiling point of the ink for the 
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duration of the pulse, and a rapid fall in temperature at the end of the pulse. To 
achieve this » the average energy applied to die heater is varied over the duration of 
the pulse* In this case, the variation is achieved by pulse fiieqiracy modulation ctf 
0. 1 ^s sub-pttlses» each with an energy of 4 nJ. The peak power applied to the 

5 heater is 40 mW. and the average power over the duration of the heater pulse is 
1 1.5 mW. The sub-pulse frequency in this case is 5 Mhz. This can readily be varied 
without significantly affecting the operation of the print head. A higher sub-pulse 
frequency allows finer control over the power applied to the heater. A sub-pulse 
frequmcy of 13.5 Mhz is suitable, as this fxequency is also suitable for witnlmiTifig 

10 the effect of radio frequency interfmnce (RFI). 

Inks with a negative temperature coefyiHftnt of mrfacft tPn^nn 

The tequirement for the suxface tension of the ink to decrease with 
increasing temperature is not a major restriction, as most pure liquids and many 
mixtures have this properQr. Exact equations relating surface tension to ten^rature 
15 for arbitrary liquids are not available. However, Ae fdlowing empirical equation 
derived by Ramsay and Shields is satisfactory for many liquids: 




Where Yris the surface tension at temperature r> ibis a constant, Tcis 
the critical temperature of the liquid, M is the molar mass of the liquid, x is die 

20 degree of association of the liquid, and p is the doisity of the liquid. This equation 
indicates diat the surface tension of most liquids falls to zero as die temperature 
reaches the critical tmperature of die liquid. Fbr most liquids, the critical 
temperature is substantially above the boiling point at atmospheric pressure, so to 
achieve an ink with a large change in surface tension widi a small change in 

25 temperature around a practical ejection tCTiperature, the admixture of surfactants is 
recommended. 
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The choice of surfactant is important For example^ water based ink 
for tfaernuQ ink jet printm often contains isopropyl alcohol (2-propanol) to reduce 
the surface tension and promote rapid drying. Isopropyl alcohol has a boiling point 
of 82.4^C, lower than that of water. As the temperature rises, the alcohol 

5 evaporates faster than the water, decreasing the alcohol concentration and causing 
an increase in surface tensioru A surfactant such as 1-Hexanol (b.p. ISS'^C) can be 
used to reverse this effect, and achieve a surface tension which decreases slightly 
with temperature. However, a relatively large decrease in surface tension with 
temperature is desirable to maxinuze operating latitude. A surface tension decrease 

10 of 20 mN/m over a SO^'C temperature range is preferred to achieve large operating 
margins, while as fitde as lOmN/m can be used to achieve q)eration of the print 
head according to the present inventioiL 

Inhs With Large -AYj 

Several mediods may be used to achieve a large negative change in 
15 surface tension with increasing temperature. Two such me&ods are: 

1) The ink may contain a low concentration sol of a surfactant which is solid at 
ambient temperatures, but melts at a dueshold temperature. Particle sizes less 
than 1,000 A are desirable. Suitable surfactant melting points for a water based 
ink are between SO^'C and 90X, and preferably between eO^'C and SO^'C. 
20 2) Theinkmay contain an oil/water micromulsion with a phase inversion 
temperature (PIT) which is above the maximum ambient temperature, but 
below ^e boiling point of die ink. For stability, the PIT of the microemulsion 
is preferably 20^C or more above the maximum non-operating temperature 
encountered by the ink. A PIT of approximately iO^C is suitable. 

25 Inks with Surfactant Sols 

Inks can be prepared as a sol of smaU partides of a surf actant which 

melts in the desired operating temperature range. Examples of such surfactants 

include carboxylic acids with between 14 and 30 carbon atoms, such as: 
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Name 


F nnula 






Tetradecanoic add 


CH,(CH,)„CCX)H 




Myxisticadd 


Hexadecanoic add 


CH,(CH^„COOH 


63»C 


Palmitic add 


Octadecanoic add 


CH,(CH^„COOH 


7rc 


Stearic add 


Eicosanoic add 


CH,(ay„cooH 


77'C 


Arachidic add 


Docosacdc add 


CH,(CH^„CX>OH 


80»C 


Behenic add 



As ifae melting point of sols vdStt a small particle size is usually 
slighdy less than of the bulk material, it is preferable to choose a caibosgrlic add 
with a mdting point slightly above the desired drop selection temperature. A good 
5 example is Arachidic add. 

These carboxylic adds are available in high purity and at low cost 
The amount of surfactant required is very small, so the cost of adding them to the 
ink is insignificant A mixture of carboxylic adds with slightly varying chain lengths 
can be used to spread the melting points over a range of temperatures. Sudi 
10 mixtures will typicaBy cost less than the pure add. 

It is not necessary to restrict the choice of surfactant to simple 
unbranched carboxylic adds. Surfactants with branched chains or phenyl groups, or 
other hydrophobic moieties can be used. It is also not necessary to use a carboxylic 
add. Many highly polar mdeties are suitable for the hydrophilic end of the 
1 S surfactant It is desirable that the polar end be ionizable in water, so that the surface 
of the surfactant partides can be charged to aid dispersion and prevent flocculatioii. 
In the case of carboxylic adds, this can be achieved by adding an ftTVaii such as 
sodium hydroxide or potassium hydroxide. 

Preparation of Inks with Snrfactetit Snis 
20 The surfactant sol can be pr^ared separately at high concentration, 

and added to the iiik in the required concoitraiion. 

An example process for crating the surfactant scd is as follows: 
1) Add the carboxylic add to purified wat^ in an oxygen free atmosphoe. 



BNSDOaO: <WO_98322G5A1JL> 



W 96/32265 



PCT/DS9d/04907 



•24- 

2) Heat the mixture to above the melting point of the carboxylic acid. Tlie water 
can be brought to a boiL 

3) Ultrasonicaie the mixture, until the typical size of the carboxylic acid droplets 
is between lOOA and 1«000A. 

S 4) Allow the mixture to cool. 

5) Decant the larger particles from the top of the mixture. 

6) Add an alkali such as NaOH to ionize tiie carboxylic acid molecules on the 
surface of the particles. A pH of approximately 8 is suitable. This step is not 
absolutely necessary, but helps stabilize the soL 

10 7) Centrifuge the sol. As the densi^ of the carboxylic acid is lower than water, 
smaller particles will accumulate at the outside of the centrifuge, and larger 
particles in the centre. 
8) Filter the sol using a microporous filter to eliminate any particles above 5000 
A. 

IS 9) Add the surfactant sol to the iiikpr^aration. The sol is required only in very 
dilute concentratian. 

The ink piiq)aration will also contain either dye(5) or pigment(s). 
bactericidal agmts, agents to enhance the electrical conductivity of the ink if 
electrostatic drop 5q)aration is used, humectants, and other agents as required. 
20 Anti-foaming agents will generally not be required, as there is no 

bubble formation during the drop ejection process. 

Cationic sarfaamt sols 

Inks made witfi anionic surfactant sols are generally imsuitable for 
use with cationic dyes or pigments. This is because the cationic dye or pigment may 
25 precipitate or flocculate with the anionic surfactant. To allow the use of cationic 

dyes and pigments, a cationic surfactant sol is required. The family of alkylamines is 
suitable for this purpose. 

Various suitable alkylamines are shown in the following table: 
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Name 


Formala 


Synonym 


Hexadecylaoiine 


CH3(CH,),,CH^ 


Palmityl amine 


Octadecylamine 


CH,(CH^,,Ciy«I, 


Stearyl amine 


Eacosylamine 


CH,(CH^„CH,NH, 


Arachldyl amine 


Docosylamine 


CH,(CH^^cavra, 


Behenyl amine 



The mefliod of preparation of caiionic surfactant sols is essentially 
similar to that of anionic surfactant sols, except that an add instead of an ftiVftiji is 
5 used to adjust the pH balance and increase the charge on the surfactant particles. A 
pH of 6 using HQ is suitable. 



Microgimilsinn Based Inla 

An alternative means of achieving a large reduction in surface 
tension as some tmperatuie threshold is to base the ixik on a microemulsion. A 

10 microemulsion is chosm with a phase invmion traipmture (PIT) aroimd the 

desired ejection threshold temperature. Bdow the PIT» the microemulsion is oil in 
water (O/W), and above the PIT the microemulsion is water in oil (W/O). At low 
temperatures, the surfactant forming the microemulsion prefers a high curvature 
surface aroimd oil, and at tonperatures significantly above the PIT, the surfactant 

15 prefers a high curvature surface around water. At temperatures close to the PIT, the 
microemulsion forms a continuous 'sponge* of topologically cormected water and 
QiL 

There are two mechanisms whereby this reduces the surface tensioiL 
Around the PIT, tiie surfactant prefers surfaces with very low curvature. As a 
20 result, surfactant molecules migrate to the iok/air interface, which has a curvature 
which is much less than the curvature of tfie oil emulsicm. This lowers tfie surface 
tension of fte water. Above the phase inversion temperature, the mimemulsiQn 
changes from O/W to W/O, and therefore the ink/air int^ace changes from 
watei/air to oil/air. The oil/air interface has a lower surface toisian. 
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There is a wi(fe range of possihililies for the preparation of 
microemulsion based inks. 

For fast drop ejection, it is preferable to chose a low viscosity oil. 
In many instances, water is a suitable polar solvent However, in 
5 some cases different polar solvents may be requiied. In these cases, polar solvents 
with a high surface tension should be chosen* so that a large decrease in surface 
tension is achievable. 

The surfactant can be chosen to result in a phase invrasion 
tmperanue in the desired range. For example, surfactants of the group 
10 pcdy(oxyetfaylene)aIkylphenyl ether (ethoxylated allQrl phenols, general formula: 
CbH2b^iC4H6(CH2CH20)biOH) can be used. The hydrophilidty of the surfactant can 
be increased by increasing m, and the hydrophobicity can be increased by increasing 
n. Values ofmoi approximately 10, and n of approximately 8 are suitable. 

Low cost commercial preparations are the result of a polymerization 
IS of various molar ratios of ethylene oxide and all^l phenols, and the exact number of 
os^ethylme groi:Q>s varies around the chosen mean. These commercial preparations 
are adequate, and highly pure surfactants with a specific number of oxyethylene 
groups are not required. 

The formula for this surfactant is C8Hi7C4H6(CH2CH20}bOH 
20 (average n=10). 

Synonyms include Oaoxynol-10, PEG-10 octyl phenyl ether and 
POE (10) octyl phenyl ether 

The HLB is 13.6, the melting point is T^'C, and the cloud point is 

65^C. 

25 Commercial preparations of this surfactant are avaflable under 

various brand names. Suppliers and brand names are listed in the following table: 
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Trade name 


Supplier 


Akyporox OPIOO 


Chcm-Y GmbH 


Alkasurf OP-10 


Rhone^Poulenc Surfactants and Specialties 


Dehydrophen POP 10 


Pulcra SA 


Hyonic OP-10 


Henkel Corp. 


Iconol OP-10 


BASF Corp. 


Igepal O 


Rhone-Poulenc France 


Macol OP-10 


PPG Industries 


Malorphen 810 


HulsAG 


Nikkol OP-10 


Nikko CheoL Co. Ltd 


Rcnex 750 


ICI Americas Inc. 


Rexol 45/10 


Hart Chemical Ltd. 


Synperonic OPIO 


laPLC 


TcricXlO 


ICI Australia 



These are available in large volumes at low cost Qess than one dollar 
per pound in quantity)* and so contribute less than 10 cents per liter to prepared 
5 microemulsion ink with a 5% surfactant concentration. 

Other suitable ethoxylated alkyl phenols include those listed in the 
following table: 



TMirial name 


Fonnnla 


HLB 


Cloud point 


Nonoxynol-9 


C^,C.H.(CH,CH,0)^OH 


13 


54"C 


NcmoxynoI-10 


C,H..C^(CH,CH,0).„OH 


13.2 


62°C 


Nonoxynol-ll 


C^.,C,H.(CH,CH,0).„OH 


13.8 


72»C 


Noiioxynol-12 


C^,C,H,(CH,CH,0).„OH 


14.5 


81"C 


Ortoxynol-9 


C^„C^(CH,CH,0)^OH 


12.1 


6VC 


OctoxynoI-10 


C^„CA(CH.CH,0).„OH 


13.6 


65«t: 


Octoxy&Ql-12 


c;h„ca(ch,ch,o).„oh 


14.6 


88»C 


Dodoxynol-10 


C,^C^(CH,CH,0).„OH 


12.6 


42»C 
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Dodoxynol-Il 


C,^C,H,(CH,CH,0).„OH 


13.5 


56"C 


Dodoxynol-14 


C,ft,C,H.(CH,CH,0).„OH 


14.5 


87"C 



Microemulsicm based inks have advantages other than surface 
tension control: 

1) Microemulsions are thennodynamically stable, and will not separate. 
Therefore» the storage time can be very long. This is especially significant for 
office and portable printers* which may be used sporadically. 

2) The microemidsion will form spontaneously with a particular drop size, and 
does not require extensive stirring, centrifuging, or filtering to ensure a 
particular range of ^ulsified oil drop sizes. 

3) The amount of oil contained in the ink can be q\xite high, so dyes which are 
soluble in oil or soluble in water, or both, can be used. It is also possible to use 
a mixture of dyes, one soluble in water, and the other soluble in oil» to obtain 
specific colors. 

4) Oil miscible pigments are prevented from flocculating, as they are trapped in 
the oil microdroplets. 

5) The use of a microemulsion can reduce the mixing of different dye colors on 
the surface of the print medium. 

6) The viscosity of microemulsions is very low. 

7) The requirement for humectants can be reduced or eliminated. 

20 DvRS and pipmcnls m micrnemulsioTi haj;ed inkx 

Oil in water mixtures can have high oil contents - as high as 40% - 
and still form O/W microemulsions. This allows a high dye or pigment loading. 

Mixtures of dyes and pigments can be used. An example of a 
25 microemulsion based ink mixture with both dye and pigment is as follows: 

1) 70% water 

2) 5% wattt* soluble dye 

3) 5% surfactant 



10 
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4) 10% ml 

5) 10% oil miscible pigment 

The following table shows die nine basic combiQations of colorants 
in the oQ and water phases of die microemulsion that may be used. 

5 



Combination 


Colorant in water phase 


Colorant in oil phase 


1 


none 


oil miscible pigment 


2 


none 


oil soluble dye 


3 


water soluble dye 


none 


4 


water soluble dye 


oil miscible pigment 


5 


water soluble dye 


oil soluble dye 


6 


pigment dispersed in water 


none 


7 


pigment dispersed in wat»r 


oil miscible pigment 


8 


pigment dispersed in wat» 


oil soluble dye 


9 


none 


none 



The ninth combination^ with no colorants, is useful for printing 
transparent coatings. UV ink, and selective gloss highlights. 

As many dyes are amphiidiilic, large quantities of dyes can also be 
10 solubilized in the oil-water boundary layer as this layer has a very large surface area. 

It is also possible to have multiple dyes or pigments in each phase, 
and to have a mixture of dyes and pigmmts in each phase. 

When using multiple dyes or pigments the absorption spectrum of 
the resultant ink will be the weighted average of the absorption spectra of the 
IS different colorants used. This presents two problems: 

1) The absorption spectrxmi will tend to become broader, as the absorption peaks 
of both colorants are averaged. This has a tendency to 'muddy' the colors. To 
obtain brilliant color, careful choice of dyes and pigments based on their 
absorption spectra, not just their human-perceptible color, needs to be made. 
20 2) The color of the ink may be different on different substrates. If a dye and a 
pigment are used in combination, the color of the dye will tend to have a 
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smaller contribution to the printed ink color on more absorptive papers, as the 
dye will be absorbed into the paper, while the pigment will tend to 'sit on top* 
of the paper. This may be used as an advantage in some circumstances. 

Surfactants with a Krafft Doint in the drop selection temnerature range 
5 For ionic surfactants there is a temperature (the Krafft point) below 

which the solubili^ is quite low, and the solution contains essentially no micelles. 
Above the Krafft temperature micelle formation becomes possible and there is a 
rapid increase in solubility of the surfactant If the critical micelle concentration 
(CMC) exceeds the solubility of a surfactant at a particular temperature, then the 
10 minimum surface t^ision will be adueved at the point of maximum solubility, rath^ 
than at the CMC. Surfactants are usually much less effective below the Krafft point 
This factor can be used to achieve an increased reduction in surface 
tension widi increasing temperature. At ambient temperatures, only a poition of the 
surfactant is in solution* When the nozde heater is turned cm, the temperature rises, 
15 and more of the surfactant goes into solution, decreasing the surface tension. 

A surfactant should be chosen witfi a Krafft point v^ch is near Ae 
top of the range of temperatures to ^K^ch the iiik is raised. This gives a maximum 
margin between the concentration of surfactant in solution at amhimt temperatures, 
and the concentration of surfactant in solution at the drop selection temperature. 
20 The concentration of surfactant should be approximately equal to the 

CMC at the Krafft p oint In this manner, the surface tension is reduced to the 
maximum amount at elevated temperatures, and is reduced to a minimtmi amount at 
ambient temperatures. 

The following table shows some commercially available surfactants 
25 with Krafft points in the desired range. 
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FommUi 


Krafil point 


C,A,SO,W 


5TC 


C.^SOjW 


70"C 


C^H^SO.-Na* 


45''C 


Na*0,S(ay„SO,*Na* 


44.9°C 


iro,s(ciy,^o,-K* 


55X 


C,^CH(CH,)C^^O,-Na* 


60.8»C 



Surfactants with a cloud noim in the drcm sriftcrion temneratiim mtipft 

Non-ionic surfactants using polyoxyetfaylene (PQE) chains can be 
used to create an ink wtext the surface tension falls with increasing temperature. At 

5 low tBii4>eiatures, the POE diain is hydiqphilic, and maintfttng the surfactant in 

solution. As die t^peratuxe increases, the structured water around the POE section 
of tfie molecule is disrupted, and the POE section becomes hydrophobic. The 
surfactant is increasingly rejected by the water at higher temperatures» resulting in 
increasing concentration of surfactant at the airAnk interface, thereby lowering 

10 surface taision. Ihe temperature at which the POE section of a nonionic surfactant 
becomes hydrophilic is related to the cloud point of that surfactant POE chains by 
themselves are not particularly suitable, as the cloud point is generally above lOOX 

Polyoxypropylene (POP) can be combined with POE in POE/POP 
block copolymers to lower the cloud point of POE chains without introducing a 

IS strong hydrophobicity at low temperatures. 

Two main configurations of symmetrical POE/POP blodc 
copolymers are available. These axe: 

1 ) Surfactants with POE segments at the ends of the molecules, and a POP 
segment in the centre, sudi as the poloxamer class of surfactants (generically 

20 CAS 9003-11-6) 

2) Surfactants with POP segments at the ends of the molecules, and a POE 
segment in the centre, such as the meroxapol class of surfactants (g»ericaUy 
also CAS 9003-1 1-6) 



BNSOOCIO: <WO_96a2265A1JL^ 



wo 96/32265 



PCTAJS96/04907 



-32- 

Some commercially available varieties of pdoxamn and meroxi^ol 
vfiitk a high surface toision at room tempnatore, combined ynAk a cloud point 
above 40°C and below lOO'^C are shown in the following table: 



Trivial name 


BASF Trade 
name 


Fwnnila 


Surface 
Tendon 

(mN/m) 


Cloud 
point 


Meroxapol 
105 


nuronic 
10R5 


HO(CHCH,CH,0)^- 

(CHjCHaO)^- 

(CHCH,CH,0).,OH 


50.9 


69»C 


108 


PluRudc 
10R8 


H0(CHCH,CI1,0).,- 

(CH,CH.O)^,- 

(CHCH,CH,0).,OH 


54.1 


99»C 


Meroxapol 
178 


nuranic 
17R8 


HO(CHCH,CH,0).„- 

(CH,CH,0)^- 

(CHCH,CH,0).„OH 


47.3 


81»C 


Meroxqxd 
258 


Plorottic 
25R8 


HO(CHCH,CH,0).„- 

(CH,CH,0)^. 

(CHCH,CH,0).„OH 


46.1 


80»C 


Poloxamer 105 


PluronicL35 


HO(CH,CH,0).„- 
(CHCM,CH»0)^,. 
(CH,CH,0).„OH 


48.8 


77»C 


Poloxamer 124 


PluronicL44 


HO(CH,CH,0).„- 
(CHCH,CH,0)^- 
(CH,CH,0).„OH 


45.3 


65»C 



5 

Other varieties of poloxamer and meroxapol can readily be 



synthesized using well known techniques. Desirable characteristics are a room 
temperature surface trasion ^Kddch is as high as possible, and a cloud point between 
40''C and lOOX, and pr^erably between 60X and SO^'C 



INSOOQD: <WO_9632265A1J^ 



W09d/3226S 



PCT/DS96/CM907 



-33- 

Mcroxapol IHO(aHCH3CH20MCH2CH20),(CHCH3CH20)xOH] 
varieties wheie the average jl and z ate ^proximately 4, and the average y is 
approximately IS may be suitaUe. 

If salts are used to increase die electrical ccmductivity of the ink, 
5 then die effect of this salt on the cloud point of the surfactant should be considered. 

Tlie cloud point of POE surfactants is increased by ions that disrupt 
water structure (such as r)t as diis makes more water molecules available to fonn 
hydrogen bonds with the POE oxygen lone pairs. The cloud point of POE 
surfactants is decreased by ions that form water structure (such as Cl\ Oir)« as 
10 fewer water molecules are available to form hydrogen bonds. Bromide ions have 
relatively little effect The ink composition can be 'toned' for a desired temperature 
range by altering the lengths of POE and POP chains in a blodc copolymer 
surfactant, and by changing die choice of salts (e.g CI* to Br to T) that are added to 
increase electrical conductivi^. NaQ is likdy to be the best choice of salts to 
15 increase ink conductivi^, due to low cost and non-toxicity. NaQ slightly lowers the 
doud point of nonicmic surfactants. 

HotMfiltlTllni 

The ink need not be in a liquid state at room temperature. Solid 'hot 
meh' inks can be used by heating the printing head and ink reservoir above the 
20 melting point of the ink. Hie hot melt ink must be formulated so that the surface 
tension of die molten ink decreases with tempetature. A decrease of approximately 
2 mN/m wQl be ^ical of many such prqiarations using waxes and other 
substances* However, a reduction in surface tension of a pproxim ately 20 mN/m is 
desirable in order to achieve good operating maigins when relying on a reduction in 
25 surface tension raditt-dian a reduction in viscosiQ^. 

The tmperature difference between quiescent temperature and drop 
selection temperature may be greater for a hot melt ink than for a water based ixik, 
as water based inks are constrained by the boiling point of the water. 

The ink must be liquid at the quiescrat temperature. The quiescent 
30 tenq>erature should be higher than the highest ambient temperature likely to be 
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encousteied by the printed page. T he quiescent temperature should also be as low 
as practical, to reduce the power needed to heat the print head, and to provide a 
maximum margin between the quiescent and the drop ejection tmperatures. A 
quiescent traiperature between 60^C and 90^C is generally suitable, though other 
5 temperatures may be used. A drop ejection temperature of between 160^C and 
ZWC is generally suitable. 

There are sev^^ methods of achieving an enhanced reduction in 
surface tension with increasing temperature. 

1) A dispersion of microfine particles of a surfactant with a melting point 

10 substantially above the quiescent temperature, but substantially below the drop 
ejection temperature, can be added to the hot melt ink while in the liquid 
phase. 

2) A polar/non-polar microemulsion with a Prr which is preferably at least 20**C 
above the melting points of both the polar and non-polar compounds. 

15 To achieve a large reduction in surface tension with temperature, it 

is desirable that die hot melt ink carrier have a relatively large surface tensicm 
(above 30 mN/m) when at the quiescent temperature. This generally excludes 
aDcanes such as waxes. Suitable materials will generally have a strong intermolecular 
attraction, vAdch may be achieved by multqile hydrogen boiMls, for example, 

20 polyols, such as Hexanetetrol, which has a melting point of 88^. 

Surface tensicm lednctian of various solutions 

Figure 3(d) shows the measured effect of temperature on the surface 
tension of various aqueous preparations containing the following addidves: 
1) 0.1% sol of Stearic Acid 
25 2) 0.1% sol of Palmitic acid 

3) 0.1% solution of Pluronic 10R5 (trade mark of BASF) 

4) 0.1% solution of Pluronic L35 (trade mark of BASF) 

5) 0.1% solution ofPluronicL44 (trade mark of BASF) 
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Inks suitable for pxintmg systems of die present invention are 
described in the f oDowing AustraUan patent specifications, Ae disclosure of which 
are hmby incoipoiated by rderenoe: 

'Ink composition based on a microemulsion' (Filing no.: PNS223, filed on 
S 6 September 1995); 

*Jnk, composition containing surfactant sd* (Filing no.: PNS224» filed on 
6 September 1995); 

'Ink composition for DOD printers with Krafft point near the drop 
sdection temperature sol* (Filing no.: PN6240, filed on 30 October 1995); and 
10 'Dye and pigment in a microemulsion based ink* (Filing no.: PN6241» filed 

on 30 October 1995). 

Operation Tiring Reduction of Viscounty 

As a second example, operation of an embodiment using themial 
reduction of viscosi^ and proximity drop separation, in combination with hot melt 

15 ink, is as follows. Prior to operation of the printer, solid ink is melted in the 

resovoir 64. The reservoir, ink passage to the print head, ink channels 75, and print 
head 50 are maintained at a temperature at which tlie ink 100 is liquid, but exhibits a 
rdatively high viscosity (for example, approximately 100 cP). The Ink 100 is 
retained in the nozzle by the surface tension of the ink The ink 100 is f omiulated so 

20 that the viscosity of the ink reduces with increasing tempmture. The ink pressure 
oscillates at a fiequency vtdiich is an integral multiple of die drop ejection frequency 
from tfie nozzle. Ihe ink pressure osdllation causes oscillations of the ink meniscus 
at the nozzle tips, but this oscillation is small due to die hi^ ink viscosity. At the 
nomial operating temperature, these oscillaiions are of insufBcient amplitude to 

25 result in drop separation. When the heater 103 is energized, the ink foraung the 
selected drop is heated, causing a reduction in viscosity to a value which is 
preferably less tlian 5 cP. The reduced viscosity results in the ink mmiscus moving 
further during the high pressure part of the ink pressure cyde. The recording 
medium 51 is arranged suffidendy dose to the print head 50 so that die selected 

30 drops contact the recording medium 51, but suffidmdy far away that the unselected 
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drops do not contact the recording medium 51. Upon contact with the recording 
medium 51 * part of the selected drop freezes, and attaches to die lecoiding medium. 
As the ink pressure falls, ink begins to move back into the nozzle. The body of ink 
separates from the ink which is frozen onto the recording medium. The meniscus of 
5 the ink 100 at the nozzle tip then returns to low amplitude oscillation. The viscosity 
of the ink increases to its quiescent level as remaining heat is dissipated to the bulk 
ink and print head. One ink drop is selected, separated and forms a spot on the 
recording medium 51 for each heat pulse. As the heat pulses are electrically 
controlled, drop on demand ink jet operation can be achieved. 

10 Manufacturing of Print Heads 

Manufacturing processes for monolithic print heads in accordance 
with the present invration are described in the following Atsstralian patent 
specifications filed on 12 ^ril 1995, the disclosure of which axe hereby 
incorporated by leferenoe: 
15 'A monolithic LIFT printing head' (Hling no.: PN2301); 

'A manufacturing process for monolithic LIFT printing heads* (Filing no.: 
PN2302); 

'A self-aligned heater design for LIFT print heads* CFiling no.: PN2303); 
'Integrated four color LIFT print heads* CRUng no.: PN2304); 
20 Tower requirement reduction in monolithic LIFT printing heads* (Filing 

no.: PN230S); 

'A manufacturing process for monolithic LIFT print heads using 
anisotropic wet etching' (Hling no.: PN2306); 

'Nozzle placement in monolithic drop-on-demand print heads' filing no.: 
25 PN2307); 

'Heater structure for monolithic LIFT print heads' (Filing no.: PN2346); 
Tower supply coimection for monolithic LIFT print heads* (Filing no.: 
PN2347); 

'External connections for Proximity LIFT print heads' (Filing ru>.: 
30 PN2348); and 
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*A self-aligned manufacturing process for monolithic LIFT print heads* 
(Filing no.: PN2349); and 

'CMOS process compatible fabrication of LIFT print heads* (Filing no.: 
PN5222» 6 September 1995). 
5 *A manufacturing process for LIFT print heads with nozzle rim heatm* 

(Filing no.: PN6238, 30 October 1995); 

*A modular LIFT print head* (Hling no.: PN6237» 30 October 1995); 

"Method of increasing packing density of printing nozzles* (Filing no.: 
PN6236, 30 October 1995); and 
10 *Nozzle dispersion for reduced electrostatic interaction betwera 

simultaneously printed droplets* (Filing no.: PN6239» 30 October 1995). 

Control of Prim Heads 

Means of providing page image data and controlling heal» 
temperature in print heads of the present invention is described in the following 
15 Australian pztent specifications filed on 12 Aprfl 1995. the disdosuxe of which are 
hereby incoiporated by reference: 

'Integrated drive circuitry in LIFT print heads* (Filing no.: PN2295); 
'A nozzle clearing procedure for Liquid Ink Fault Tolerant (LIFT) 
printing* (Filing no.: PN2294); 
20 'Heater power compensation for temperature in LIFT printing systems* 

(Filing no.: PN2314); 

'Heater power compensation for thennal lag in LIFT printing systems* 
(Filing no.: PN2315); 

'Heater power compensation for print density in LIFT printing sjrstems* 
25 (Filing no.: PN2316); 

'Accurate control of temperature pulses in printing heads* (Filing no.: 
PN2317); 

'Data distribution in monolithic LIFT print heads* (Rling no.: PN2318); 
'Page image and fault tolerance routing device for LIFT printing systems* 
30 (Hling no.: PN2319); and 
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'A removable pressurized liquid irk cartridge for LIFT printers' (Filing 
no.: PN2320). 

ImagR T>rocgMMmg far Print Heads 

An objective of printing systems according to the invention is to 
S attain a print quality i^iiich is equal to that which people are accustomed to in 

quality color publications printed using offset printing. This can be achieved using a 
pzint resolution of approximately 1,600 dpi. However, 1,600 dpi printing is difficult 
and expensive to achieve. Similar results can be achieved using 800 dpi printing, 
with 2 bits per pixel for cyan and magenta, and one bit per pixel for yellow and 
10 blaclc This color model is herein called CC'MM'YK. Where high quality 

monochrome image printing is also required, two bits per pixel can also be used for 
black. This color model is herein called CX:'MM* YKK* . Color models, halftoning, 
data compression, and real-time expansion systems suitable for use in systems of 
tiiis invention and other printing systems are described in the following Australian 
IS patent specifications filed on 12 April 1995, the disclosure of which are h»eby 
incorporated by reference: 

Tour level ink set for bs-level color printing* (Filing no,: PN2339); 
'Compression system for page images* (Filing no.: PN2340); 
'Real-time expansion apparatus for compressed page images* (Filing no.: 
20 PN2341);and 

'High capacity compressed document image storage for digital color 
printers* (Filing no.: PN2342); 

'bnproving JPEG compression in the presence of text* (Filing no.: 
PN2343); 

25 'An expansion and halftoning device for compressed page images* (Filing 

no.:PN2344);and 

'Improvements in image halftoning* (Filing no.: PN234S). 
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AnnlicatioM llring Print Headjs Accordinf to this Invftntinn 

Printing q)paiatus and methods of diis invention are suitable for a 
wide range of applications, including (but not limited to) the following: color and 
monochrome office printing, short run digital printing, high speed digital printing, 
5 process color printing, spot color printing, offset press supplemental printing, low 
cost printers using scanning print heads, high speed printers using pagewiddi print 
heads, portable color and monochrome printers, color and monochrome copieis, 
color and monochrome facsimile machines, combined printer, facsimile and copying 
machines, label printing, large format plotters, photographic duplication, printers for 
10 digital photographic processing, portable printers incorporated into digital *instanf 
cameras, video printing, printing of PhotoCD images, portable printers for Tersonal 
Digital Assistants', wallpa^r printing, indoor sign printing, billboard printing, and 
fabric printing. 

Printing systems based on diis invention are described in the 
IS foBowing Australian patrat specifications filed on 12 April 1995, the disclosure of 
which are hereby incorporated by reference: 

^ A high speed color ofSce printer with a high capacity digital page image 
store* (Filing no.: PN2329); 

'A short run digital color printer with a high capacity digital page image 
20 store* (Filing no.: PN2330); 

'A digital color printing press using LIFT printing technology' (Filing no.: 
PN2331); 

^A modular digital printing press* (Filing no.: PN2332); 
'A high speed digital fabric printer' (Filing no.: PN2333); 
25 *A color photograph copying system' (Filing no.: PN2334); 

'A high speed color photocopier using a LIFT printing system' (Filing no.: 
PN2335); 

*A portable color photocopier using LIFT printing technology' (Filing no.: 
PN2336); 

30 *A photograph processing system using LIFT printing technology' (FiUng 

no.: PN2337); 



INSOOCtD: •^WO_jB638265A1 JL> 



W0 9d/32265 



PCTAJS96/04907 



-40- 

'A plain paper facsimile machine using a LIFT printing system* (Filing 
no.: PN2338); 

*A PhotoCD system with integrated printer* (Filing no.: PN2293); 
*A color plotter using LIFT printing technology* (Filing no.: PN2291); 
^A notebook computer with integrated LIFT color printing system* (Filing 
no.: PN2292); 

'A portable printer using a LIFT printing system* (Hling no.: PN2300); 
'Fax machine with on-line database interrogation and custonuzed magazine 
printing* (Filing no,: PN2299); 

'Miniature portable color printer* (Filing no.: PN2298); 
*A color video printer using a LIFT printing system* (Filing no.: PN2296); 

and 

'An integrated printer, copier, scanner, and facsimile using a LIFT printing 
system* (Filing no.: PN2297) 

IS Compenssarinn of Print Headx for Environmental Conditions 

It is desirable that drop on demand printing systems have consistent 
and predictable ink drop size and position. Unwanted variation in ink drop size and 
position causes variations in die optical d»siQr of the resultant print, reducing the 
perceived print quality. These variations should be kept to a small proportion of the 

20 nominal ink drop volume and pixel spacing respectively. Many environm»tal 

variables can be compensated to reduce their effect to insignificant levels. Active 
compensation of some factors can be achieved by varying the power supplied to the 
nozzle heaters. 

An optimum temperature profile for one print head embodimrat 
25 involves an instantaneous raising of the active region of the nozzle tip to the 

ejection temperature, maintenance of tius region at the ejection temperanne for the 
duration of the pulse, and instantaneous cooling of the region to the ambimt 
temperature. 

This optimum is not achievable due to the stored heat capacities and 
30 thermal conductivities of the various materials used in the fabrication of the nozzles 



5 



10 
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in accotdance with the invenlioii. However, improved peifonnanoe can be achieved 
by shaping the power pulse using curves which can be derived by iterative 
refinemoit of finite element simulation of die print head. The power applied to the 
heater can be varied in time by various techniques, including, but not limited to: 
5 1) Varying the voltage applied to the heater 

2) Modulating the width of a series of short pulses (PWM) 

3) Modulating the frequency of a series of short pulses (PFM) 

To obtain accurate results, a transient fluid dynamic simulation with 
free surface modeling is required, as convection in the ^tiV , and ink flow* 
10 significantly affect on the temperature achieved witti a specific power curve* 

By the incorporation of appropriate digital circuitry on the print head 
substrate, it is practical to individuaUy control the power applied to each nozzle. 
One way to achieve this is by 'broadcasting* a variety of different digital pulse trains 
across the print head chip, and selecting the q)propriate pulse train for each nozzle 
15 using muh^lexing csicuits. 

An example of the environmental factors which may be compensated 
for is listed in the table Compensation for enviroimiental factors". This table 
identifies which environmental factors am best compensated globally (for the ratire 
print head), per chip (for each chip in a composite multi*chip print head), and per 
20 nozzle. 



Compensation for environmental factors 



Factor 
compensated 


Scope 


Sensbig or user 
contrtd method 


Compensation 
Mechanism 


Ambimt 
Temperaturo 


CHobal 


Temperature soisor 
mounted on print head 


Power supply voltage 
or global PFM patterns 


Power supply 
voltage fluctuation 
with number of 
active nozzles 


Global 


Predictive active 
nozzle count based on 
print data 


Power supply voltage 
or global PFM patterns 


Local heat build- 
up with successive 
nozzle acmation 


Per 
nozzle 


Predictive active 
nozzle count based on 
print data 


Sdection of 
appropriate PFM 
pattern for each printed 
drop 
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Drop size control 
for multiple bits 
per pixel 


Per 
nozzle 


Image data 


Selection of 
appropriate PFM 
pattern for each printed 
drop 


Nozzle geometry 
variations between 
wafers 


Per 
chip 


Factory measurement, 
datafile supplied with 
print head 


Global PFM patterns 
per print head chip 


Heater resistivity 
variations between 
wafers 


Per 
chip 


Factory measurement, 
datafile supplied with 
print head 


Global PFM patterns 
per print head chip 


User image 

intensity 

adjttstmrat 


Global 


User selection 


Power supply voltage* 
electrostatic 
acceleration voltage, or 
ink pressure 


Ink surface tension 
reduction method 
and threshold 
temperature 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 


Ink viscosity 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 
and/or dock rate 


Ink dye or pigment 
concentration 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 


Ink response time 


Global 


Ink cartridge soisor or 
user selection 


Global PFM patterns 



Most applications will not require compensation for all of these 
variables. Some variables have a minor effect, and compensation is only necessary 
where very high image quali^ is required 



S Prim had drive cirraits 

Figure 4 is a block schematic diagram showing electronic operation 
of an «ample head driver ciicuit in accordance with this inventicnL This control 
circuit uses analog modulation of the power supply voltage applied to the print head 
10 achieve heater power modulation, and does not have individual control of tiie 

10 power ^plied to each nozzle. Figure 4 shows a block diagram for a system using an 
800 dpi pagewidth print head which prints process color using the CX^'MM' YK 
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color modd* The print head SO has a total of 79,488 nozzles, with 39,744 main 
nozzles and 39»744 lednndant nozzles* The main and redundant nozzles are divided 
into six colors, and each color is divided into 8 drive phases. Each drive phase has a 
shift registo- ^ch converts the serial data from a head control ASIC 400 into 
S parallel data for enabling heater drive circuits. There is a total of 96 shift registers, 
each providing data for 828 nozzles. Each shift register is composed of 828 shift 
register stages 217, the outputs of ivhich are logicaDy anded with phase enable 
signal by a nand gate 215. Tlie ou^ut of the nand gate 215 drives an inverting 
buffer 216, which in turn controls the drive transistor 201. The drive transistor 201 

10 actuates the electrothermal heater 200, which may be a heater 103 as shown in 

figure 1 0>)* To maimain the shifted data valid during the enable pulse, the clock to 
the shift register is stopped the enable pulse is active by a clock stopper 218, which 
is shown as a single gate for clari^, but is preferably any of a range of well known 
glitch free dock control circuits. Stopping the clock of the shift register r^oves 

15 the requirement for a parallel data latch in the print head, but adds some complejd^ 
to die control circuits in tiie Head Contnd ASIC 400. Data is routed to eidier die 
main nozzles or the redundant nozzles by the data router 219 dq)ending on the state 
of the q)propriate signal of the fault status bu& 

The print head shown in figure 4 is simplified, and does not show 

20 various means of improving manufacturing yield, sach as block fault tolerance. 

Drive circuits for different configurations of print head can readily be derived from 
the s^aratns disclosed herein. 

Digital information representing patterns of dots to be printed on the 
recording medium is stored in the Page or Band memory 1513, which may be the 

25 same as the Image memory 72 in figure 1 (a). Data in 32 bit words representing dots 
of one color is read fix>m die Page or Band memory 1513 using addresses selected 
by the address mux 417 and control signals generated by the Memory Interface 418. 
These addresses are gen^ted by Address generators 41 1, which forms part of the 
*Per color circuits' 410, for which Acre is one for each of the six color components. 

30 The addresses are generated based on the positions of the nozzles in relation to the 
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print medium. As the relative position of the nozzles may be different for diffmnt 
print headSt the Address generators 411 are preferably made programmable. The 
Address generators 411 normally generate die address coiresponding to the 
position of the main nozzles. However^ when faulty nozzles are present, locations of 

5 blocks of nozzles containing faults can be marked in the Fault Map RAM 412. The 
Fault Map RAM 412 is read as the page is printed. If the memory indicates a fault 
in the block of nozzles, the address is altered so that the Address generators 41 1 
generate the address corresponding to the position of the redundant nozzles. Data 
read from the Page or Band memory 1513 is latched by the latch 413 and converted 

10 to four sequatial bytes by die multiplexer 414. Timing of these bytes is adjusted to 
match that of data representing other colors by the FIFO 415. This data is ihen 
buffered by the buffer 430 to form the 48 bit main data bus to the print head SO. 
The data is buffered as the print head may be located a relatively long distance from 
the head control ASIC Data from the Fault Map RAM 412 also forms die input to 

15 the FIFO 41 6. The timing of this data is matched to the data on^ut of the FIFO 
415, and buffered by the buffi^ 431 to form the fault status bus. 

The programmable power supply 320 provides power for the head 
50. The voltage of the power supply 320 is controlled by the DAC 3 13, which is 
pan of a RAM and DAC combination (RAMDAQ 316. The RAMDAC 316 

20 contains a dual port RAM 317. The contents of the dual port RAM 317 are 

programmed by the MicrocontroUer 315. Temperature is compensated by changing 
the contents of the dual port RAM 317. These values are calculated by die 
microcontroller 315 based on temperature sensed by a thermal sensor 300. The 
thermal sensor 300 signal connects to the Analog to Digital Converter (ADC) 31 1. 

25 The ADC 3 1 1 is preferably incorporated in the Microcontroller 315. 

The Head Control ASIC 400 contains control circuits for thermal lag 
compensation and print density. Thermal lag compensation requires that the power 
supply voltage to the head 50 is a n^idly time-varying voltage which is 
synchronized with the liable pulse for the heater. This is achieved by programming 

30 the programmable power supply 320 to produce this voltage. An analog time 
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varying programming voltage is produced by the DAC 313 based upon data lead 
from the dual port RAM 317. The data is read according to an address produced by 
the counm- 403. The counts 403 produces one complete cycle of addresses during 
the period of one enable pulse. This synchronization is »smed» as the counter 403 

S is clocked by the system clock 408, and the top count of the counter 403 is used to 
dock the enable counter 404. The count fixim the enable counter 404 is then 
decoded by the decoder 405 and buffered by the buffer 432 to produce the enable 
pulses for the head 50. The counter 403 may include a pzescaler if the number of 
states in the count is less than the number of clock periods in one enable pulse. 

10 Sixteen voltage states are adequate to accurately compensate for the heater thermal 
lag. These sixteen states can be specified by using a four bit connection between the 
counter 403 and the dual port RAM 317. However, these sixteen states may not be 
linearly spaced in tune. To allow non-linear timing of these states the counter 403 
may also include a ROM or other device which causes the counter 403 to count in a 

15 non-linear fashion. Alternatively, fewer than sixteen stales may be used. 

For print dmsity compensation, the printing drasi^ is detected by 
counting the number of pixels to which adrop is to be printed ('on' pixels) in each 
enable period. The W pixels arc counted by the On pixd counters 402. Iheie is 
one On pixel counter 402 for each of die eight enable phases. The number of enable 

20 phases in a print head in accordance with the invention depend upon the specific 
design. Four, eight, and sixteen aie convenient numbers* though there is no 
requirement that tfie number of enable phases is a power of two. The On Pixel 
Counters 402 can be composed of combinatorial logic pixel counters 420 which 
detennine how many bits in a nibble of data are on. This number is then 

25 accumulated by the adder 421 and accumulator 422. A latch 423 holds the 

accumulated value vaUd for the duration of the enable pulse. The multiplex^ 401 
selects the ouqiut of the latch 423 which corresponds to the current enable phase, 
as determined by the enable counter 404. The ouQ>ut of the multq>lexer 401 forms 
part of the address of the dual port RAM 317. An exact count of the number of 'on' 

30 pixels is not necessary, and the most significant four bits of this count are adequate. 
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Combining the four hits of thennal lag compensation address and the 
four bits of print density compensation address means that the dual port RAM 317 
has an 8 bit address. This means that the dual port RAM 317 contains 256 numbers, 
which are in a two dimensional array. These two dimensions are time (for thermal 

5 lag compensation) and print duisity. A third dimension - temperature - can be 
included. As the ambient temperature of the head varies only slowly, the 
microcontroller 315 has sufficient time to calculate a matrix of 256 numbm 
compensating for thennal lag and print d^isity at the current temperature. 
Periodically (for example* a few times a second), the microcontroller senses the 

10 currrat head temperature and calculates this matrix. 

The dodc to the print head 50 is generated from the system clock 
408 by the Head clodc generator 407, and buffered by the buffo- 406. To facilitate 
testing of the Head control ASIC, JTAG test circuits 499 may be included 

Cnmparison with thermal ink let technology 
IS The table Comparison between Thennal ink jet and Presat 

Invention*' compares the aspects of printing in accordance widi die present 
invendon witfx thennal ink jet printing technology. 

A direct comparison is made between tfie present invention and 
thermal ink jet technology because both are drop on demand systons which operate 
20 using thennal actuators and liquid ink. Although they may appear similar, the two 
technologies operate on different principles. 

Thermal ink jet printers use the following fundamental operating 
principle. A thermal impulse caused by electrical resistance heating results in the 
explosive fonnation of a bubble in liquid ink. Rapid and consistent bubble formation 
25 can be achieved by superiieating die ink, so that sufficient heat is transferred to the 
ink before bubble nucleation is complete. For water based ink, ink temperatures of 
appioximatdy 280''C to 400''C are required. The bubble formation causes a 
pressure wave which forces a drop of ink from the aperture with high velocity. The 
bubble then collapses, drawing ink from the ink reservoir to re-fill the nozzle. 
30 Thermal ink jet printing has been highly successful commercially due to the high 
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nozzle packing density and the use of well established integrated dicuit 
manufacturing tedmiques. However, tfaennal ink jet printing technology faces 
significant technical problems including multi-part precision fabrication, device 
yield, image resolution, ^pepper' noise, printing speed, drive transistor power, waste 
power dissipation, satellite drop fonnation, thermal stress, differential thermal 
e^ansion, kogadon, cavitation, rectified diffusion, and difficulties in iiik 
formulation. 

Printing in accordance with the present invention has many of the 
advantages of Aennal ink jet printing, and completely or substantially rf4min?^ tr^< ^ 
many of the inherent problems of thomal ink jet technology. 



Con^arison between Thermal ink Jet and Present Invention 





Thermal Ink* Jet 


Present bivention 


Drop selection 
mechanism 


Drop ejected by pressure 
wave caused by thmnaUy 
induced bubble 


Choice of surface tension or 
viscosity reduction 


Drop separatioii 
mechanism 


Same as drop selection 
mechanism 


Choice of proximity, 
electrostatic, magnetic, and 
other methods 


Basic ink carrier 


Water 


Water, micromulsion, 
alcohol, glycol, or hot mdt 


Head constniction 


Precision assonbly of 
nozzle plate, ink channeU 
and substrate 


Monolithic 


Per copy printii^ 
cost 


Very high due to limited 
print head life and 
expensive inks 


Can be low due to 
permanent print heads and 
wide range of possible inks 


Satdlite drop 
formation 


Significant problem which 
degrades image quality 


No satellite drop f onnation 


Operating ink 
temperature 


280Xto400X(high 
temperature limits dye use 
and iiik formulation) 


Approx. 70**C (dep^ids 
upon ink formulation) 
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Peak heater 
temperature 


400^Ctol,(X)0*C(high 
temperature reduces device 
life) 


Approx. laO'^C 


Cavitation Qieater 
erosion by bubble 
collapse) 


Serious problem limitmg 
lead life 


^one (no bubbles are 
foroied) 


Kogation (coating 
of heater by ink 
adi) 


Serious problem limiting 
lead life and ink 
formulation 


None (water based ink 
temperature does not nceed 
100*^ 


Rectified difAision 
(formation of ink 
DODDies oue to 
pressnre cycles) 


Serious problem limiting 
ink f omiulation 


Does not occur as the ink 
pressure does not go 
negative 


Resonance 


Serious problem limiting 
nozzle design and 
repetition rate 


Very small effect as 
pressure waves are small 


Practical resolution 


Approx. 8(X> dpi max. 


Approx. 1,600 dpi max. 


Self-cooling 
operation 


No (high energy required) 


Yes: printed ink carries 
away drop selection energy 


Drop ejection 
▼elocity 


High (approx. 10 m/sec) 


Low (approx. 1 m/sec ) 


Crosstalk 


Serious problem requiring 
careful acoustic design, 
which limits nozzle refill 
rate* 


Low velocities and 
pressures associated with 
drop ejection make crosstalk 
very small. 


.vFpeFaiing inennai 
stress 


^^nrMic T^f*<^t^1^m 14it\i^tio 

ociiuiid pruuXwxu 11 in i ung 

print-head life. 


T jfWLf* mtkinmwxn fPTTinprAfiirip 

increase approx. 90''C at 
centre of healer. 


rai&nuxBCuini^ 
thermal stress 


^i»nr\iic ¥ir/>Hl^tn litnitifiD 

0WlAi/Ud lllVI/ldll iiiiiimi^ 

print-head size. 


manufacturing process. 


Dron selection 
energy 


Annrox. 20 uJ 


Approx. 270 nJ 


Heater pulse period 


Approx. 2-3 ^s 


Approx. 15-30 \xs 


Average heater 
pulse power 


Approx. 8 Watts per 
heater. 


Approx. 12 mW per heater. 
This is more than 500 times 
less than Thennal Ink- Jet 


Heater pulse 
voltage 


Typically approx. 40V. 


Approx. 5 to lOV. 
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Heater peak pnlse 
current 


TypicaOy i^prox. 200 mA 
per heater. This requires 
bipolar or verv larse MOS 
drive transistors. 


Approx. 4 mA per heater. 
This allows the use of small 

Kf OS drivft trancictrm 


Fault tolerance 


Not iTnTi1ftmftnfi»H Vnt 

practical for edge shooter 
type. 


wUil|^Jlw JulLllCiUlwIlUluOu 

results in better yield and 
reliabili^ 


Constraints on Inir 
composition 


Mativ constraints inclurftno 

kogatiozit nucleation, etc. 


1 cuiperaiurc vOdiicieni oi 
surface tension or viscosi^ 
must be negative. 


Ink pressure 


Atmospheric pressure or 
less 


Approx. LI atm 


Integrated drive 
circuitry 


Bipolar circuitry usually 
required due to high drive 
current 


CMOS, nMOS, or bipolar 


mfferaitial 
diermal expansion 


Significant problem for 
large print heads 


Monolidiic construction 
reduces problon 


Pagewidfli print 
heads 


Major problems !with yield, 
cost, precision 
construction* head life, and 
power dissipation 


High yield, low cost and 
long life due to fault 
tolerance. Self cooling due 
to low power dissipation. 



Yield and Fault Tolerance 

In most cases, monolithic integrated circuits cannot be repaired if 
they are not completely functional when manufactured. The percentage of 
5 operational devices which are produced from a wafer run is known as the yield. 
Yield has a direct infhience on manufacturing cost A device vAUi a yield of 5% is 
effectivdly ten times more expensive to manufacture than an identical device with a 
yield of S0%. 

There are three major yield measuxemmts: 

10 1) Fabyidd 

2) Wafer sort yield 

3) Final test yield 

For large die, it is Really the wafer sort yield which iis the most 
serious limitation on total yield. Full pagewidth color heads in accordance with this 
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invention are veiy large in comparison with typical VLSI dicuits. Good wafer sort 
yield is critical to the cost-efifective manufacture of such heads. 

Hguie 5 is a graph of wafer sort yield versus defea density for a 
monolithic full width color A4 head embodiment of the invention. The head is 215 

5 nam long by 5 mm wide* The non fault tolerant yield 198 is calculated according to 
Murphy's method, which is a widely used yield prediction method With a defect 
density of one defect per square cm. Murphy's method predicts a yield less Aan 
1%. This means that more than 99% of heads fabricated would have to be 
discarded. This low yield is highly undesirable, as the print head manufacturing cost 

10 becomes unaccq>tably hi^ 

Murphy's method i^roximates iht effect of an uneven distribution 
of defects. Figure 5 also includes a graph of non fault tolerant yield 197 which 
explicitly models the dustering of defects by introdudng a defect clustering factor. 
The defect clustering factor is not a controllable parameter in manuf actoring, but is 

15 a characteristic of the manufacturing process. The defect clustering factor for 

manufacturing processes can be expected to be approximately 2, in which case yield 
projections closelymatch Murphy's method. 

A solution to the problem of low yield is to incoiporate fault 
tolerance by including redundant functional imits on the chip which are used to 

20 replace faulty functional units. 

In memory chips and most Wafer Scale Integration (WSI) devices, 
the physical location of redundant sub-units on the chip is not important However, 
in printing heads the redundant sub-unit may contain one or more printing 
actuators. These must have a fixed spatial relationship to the page being printed. To 

25 be able to print a dot in the same position as a faulty actuator, redundant actuators 
must not be displaced in the non-scan direction. However, faulty actuators can be 
replaced with redundant actuators which are displaced in the scan direction. To 
ensure that the redundant actuator prints the dot in the same position as the faulty 
actuator, the data timing to the redundant actuator can be altered to compensate for 

30 the displacement in the scan directioTL 
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To allow replacement of all nozzles, there must be a complete set of 
spare nozadeSt ^nduch results in 100% redundancy. The requiremmt for 100% 
redundancy would normally more tfian double the chip area* dramatically reducing 
the primary yield before substituting redundant units, and thus eliminating most of 

5 the advantages of fault tolerance. 

However, with print head embodiments according to this invention, 
the minimuTn physical dimensions of the head chip are detemiined by the width of 
the page bdng printed, the fragility of the head chip, and manufacturing constraints 
on fabrication of ink channels which supply ink to the bade surface of the chip. The 

10 minimum practical size for a full width, full cdor head for printing A4 size paper is 
approximately 215 mm x 5 mm. This size aUows the inclusion of 100% redundancy 
without significantly increasing diip area, when using 1.5 pm CMOS fabrication 
tedmology. Therefore, a high level of fault tolerance can be included widiout 
significantly decreasing primary yield. 

1 5 When fault tolerance is included in a d evice» standard yield equations 

caimot be used, instead, the mechanisms and degree of fault tolerance must be 
specifically analyzed and induded in the yield equation. Hgure 5 shows the fault 
tolerant sort yield 199 for a full width color A4 head which includes various forms 
of fault tolerance, the modeling of vAddtk has been included in the yield equation. 

20 This graph shows projected yield as a function of both defect density and defect 
clustering. The yield projection shown in figure 5 indicates that thoroughly 
implemented fault tolerance can increase wafer sort yield fiom under 1% to more 
than 90% under identical manufacturing conditions. This can reduce the 
manufacturing cost by a factor of 100. 

25 Fault tolerance is highly recommended to improve yield and 

reliability of print heads containing thousands of printing nozzles, and thereby malre 
pagewidth printing heads practical However, fault tol^ance is not to be taken as an 
essential part of the present invention. 
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Fault tolerance in drop-on-demand printing systems is described in 
the following Australian patent specifications filed on 12 April 1995, the 
disclosure of which are hmby incorporated by reference: 

'Integrated fault tolerance in printing mechanisms' (Hling no.: PN2324); 
S 'Block fault tolerance in integrated printing heads' (Filing no.: PN232S); 

'Nozzle duplication for fault tolerance in integrated printing heads* (Filing 
no.: PN2326); 

'Detection of faulty nozzles in printing heads' (Filing no.: PN2327); and 
'Fault tolerance in high volume printing presses' (Filing no.: PN2328). 

10 Video Printers using concurrent drop selection and drop separation print heads 
The table "Example product spedficadons/* shows fte 
specifications of one possible configuration of a color video printer using 
concurrent drop selection and drop separation printing technology. 



Example product specifications 



Configuration 


Portable, small format 


Printer type 


Full width printing head 


NumbOT of no2zles 


9.440 active nozzles, 9,440 spare nozzles 


Print size 


150mm X lOOnun 


Print speed 


1 second 


Prints resolution 


600 dpi, digitally halftoned 


Video formats 


PAL, NTSC (Composite and S-Video) 


Video processing 


Digital (DSP) 


Video memory 


Full frame (1 MByte) 


Dimensions (W X D X H) 


Approx. 140 X 200 X 200 mm 


Color calibration 


Automatic 



15 

The table 'UFT head type Photo-4-600'* is a summary of some 
characteristics of an example fiill color monolithic printing head capable of printing 
a photograph size image at 600 dpi in one second 
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Figuie 6 shows a schematic process diagram of a video printer using 
concurrent drop sdection and drop sqparation printing technology. Hie blodcs in 
this diagram represent disdnete functions, irrespective of tlieir implmoitations. 
Some of the blocks are electronic hardware, some axe computer software, some aie 
5 electromechanical units, and some are mechanical units. Some of the blocks are 
subsystems, whidi may indude elecuonic hardware, software, mechanics, and 
optics. 

The image to be printed derives from a video source 525. This video 
source may be in any video fomiat, including PAL, NTSC, S-\^deo, RGB 

10 component video. CCIR601 digital video, or MAC. High resolution video sources, 
such as HDTV, may also be used. Computer video formats, such as VGA, SVGA, 
and worlcstation video ouq>uts may also be used. Each video fomiat requires 
conversion into a fomiat suitable for storage in the distal frame store 529. This 
conversion is accomplished by the use of a video digitizer 526 and digital video 

15 decoder 527. For PAL and NTSC television, the Philips TDA8708 is a suitable 
device for die video digitizer, and a Philips SAA7197 is a suitable digital decoder. 
Ahemative configurations are possible. For example, an analog deccxler may be 
used. The output of this analog decoder may tl»n be digitized using an analog to 
digital converter. If a direct digital video connectson is used, then no analog to 

20 digital convmer is required. Various video formats do not require a video decoder. 
An example is RGB componrat video, or analog RGB outputs from personal 
computers and woricstadons. In this case, only die video digitizo- function is 
required. Hie design of systems for video digitizing is wdl known. Hie output of 
the video digitizer is raster format continuous tone image data, which may be in a 

25 16 bit per pixel Y,Cr,Cb format, or a 24 bit RGB format, or other suitable frame 
storage format 

A single frame of digital video image infomiation is stored in the 
digital frame store 529 at the user's request This information may th^ optionally 
be processed by a digital image processing function 528. The digital image 
30 processing is not required to be a real-time process, so may readily be performed in 
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software using a microprocessor. This microprocessor may be the control 
microcomputer 5 1 1 « or may be a separate processor. If very high image processing 
speed is required, then the digital image processing functions may be performed by 
digital electronic hardware, which may be in the forai of ASICs, Alternatively, a 
5 combination of digital electronic hardware and software may be used. This 

approach retains the high performance of a digital hardware implemmtation, and 
the flexibility of a software implementation. There are many image processing 
functions which may be performed by the digital image processing unit 528. If the 
video source 525 is interlaced, then the digital removal of inter-field motion is 

10 desirable. The image may be di^tally filtered to enhance edges and suppress video 
noise. The image may be color corrected, and adjusted for brightness and contrast 
Special effects and image filtBrs may be applied. Such techniques are well known in 
the digital video equipment industry. 

After the digital image processing is complete, the image is ready for 

IS printing. The image data is read fitsm die digital fi:ame store 529 and digitally 

halftoned by the vector error diffusion unit 504. A vector error diffusion algorithm 
is used to achieve a hi^ image quality. This operates by selecting the dosest 
printable color in tfuee dimrasional color space to the desired Color. The difference 
between the desired Color and itds printable color is determined. This difference is 

20 then diffused to neighboring pixels. The vector error diffusion unit 504 accepts a 
raster ordered continuous tone input image and generates a bi-level ou^ut with 4 
bits per pixel (one bit for each of cyan, magenta, yellow, and grey). Alternatively, 
the color components can be independency error diffused, aldiough this provides an 
image of substantially lower quality. It is also possible to dither the continuous tone 

25 image to obtain a bi-level image. In this case, a computer optimized dispersed dot 
ordered dither is recommended. 

In most color process printing, the colors cyan, magenta, yellow, and 
black (CMYK) are used. In this case, image quality can be improved by substituting 
a 50 percent density neutral grey ink for the blade ink. This substitution can be 

30 made because the video images to be printed will typically not contain small sized 
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bladc text, therefore a single-ink black is not required. The use of grey ink provides 
a better cdor distribution of the sixteen avaflable ink combmations in a pixel. This 
improved color distribution can be used to reduce the visual noise resulting from the 
halftoning process. 

This data is Hicn processed by the data phasing and fault tolerance 
system 506, This unit provides the ^propriate delays to synchronize the print data 
with the offset positions of the nozzle of the printing head. It also provides alternate 
data paths for fault tolerance, to compensate for blocked nozzles, faulty nozzles or 
faul^ dicmts in the print head. 

The monolithic printing head 50 prints the image 60 conq)osed of a 
multitude of ink drops onto a recording mpjfiyni 51. This medium will typicaUy be 
paper, but can also be overhead transpairacy film, cloifa, or most other substantially 
flat surfaces which wiU accept ink drops. 

The bi-levd image processed by tiie data phasing and fault tolerance 
circuit 506 provides the pixel data in the correct sequence to the data shift registm 
56. Data sequencing is required to compensate for the nozzle arrangement and the 
movement of the paper. When the data has been loaded into the shift registers, it is 
presented in parallel to the heater driver circuits 57. At the correct time, these driver 
circuits wiU electronically connect the corresponding heaters 58 with the voltage 
pulse generated by the pulse sh^er circuit 61 and the voltage regulator 62. The 
heaters 58 heat the tip of the nozzles 59, reducing the attraction of the ink to the 
nozzle surface material Ink drops 60 escape from the nozzles in a pattern which 
corresponds to the digital impulses which have been applied to the heater driver 
circuits. The pressure of the ink in the nozzle is important, and the pressure in the 
ink reservoir 64 is regulated by the pressure regulator 63. The ink drops 60 fall 
under the influence of gravity or another field type towards the papa* 51. During 
printing, the "pzpei is continually moved relative to the print head by the papco* 
transport system 65. As the print head is the full width of the paper used» it is only 
necessary to move the psper in one direction, and the print head can remain fixed. 
The paper may be supplied as pre-cut sheets, in which case the pspct transport 
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mechanism must acquire and transport the sheets individually past the printing head. 
Alternatively, the paper may be provided in rolls. In this case» an automatic paper 
cutting blade is reqxiired. 

The various subsystons are coordinated under the control of one or 
5 more control microcomputers 511, which also provide the user interface of the 
system. 

PhQtoCD printgrs ttsing prim heads 

The table ""Example product specifications/* the specifications of one 
possible configuration of a PhotoCD player with integrated color printer based on 
10 UFT technology. 



Example product specifications 



Configuration 


Portable, table-^top 


Printer type 


LIFT full width printing head 


Image source 


PhotoCD images stored on CDROM 


Number of nozzles 


1 8,880 active nozzles, 18,880 spare nozzles 


Print sizes 


ISO mmX 100 mm 


Print speed 


1 second 


Printer resolution 


800 dpi, digitally halftoned 


Image processing 


Digital 


Dimensions (W X D X H) 


Approx. 140 X 200 X 200 mm 


Coimectivity 


Optional 



The table *1JFT head type Photo-6-800*' is a summary of some 
characteristics of an example full color monolithic printing head capable of printing 
IS a photograph size image at 600 dpi in one second. 

Figure 6 shows a schematic process diagram of a PhotoCD player 
incorporating a color printer using a printing head. The blocks in this diagram 
represent discrete functions, irrespective of their impl^entations. Some of the 
blocks are dectronic hardware, some are computer software, some are 
20 electromedianical uiuts, and some are mechanical units. Some of the blocks are 
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subsystems, which may include electronic hardware* softwaie, mechanics, and 
optics* 

A major unit in the system is the main processor 590. This is a 
microprocessor, and may be any of a wide variety of microprocessors from several 

5 dififeient manufacturers. The main processor 590 executes computer programs such 
as image decompression and digital halftoning. It also executes a program providing 
the user interface to the system. 

The television or monitor 594 is a standard video display unit This is 
used for viewing the digitally stored photographs prior to printing them. This unit 

10 would typically not be supplied with the KiotoCD player, but instead would be 
supidied by the user. 

A CD-ROM drive 592 is used to access data stored on a PhotoCD 
encoded digital compact disk. The data stored on the disk is primarily in the fomi of 
digitally encoded images. For each image, several image sizes are stored. Low 

15 resolution index images are stored to allow rapid selection of an image to view. 
Television resolution images 596 are also stored. These are rqiresentations of the 
photogrs^hs stmed at sufBcient resolution to obtain a high quality image on a 
tdevision set When images are to be viewed on a television set, the image data is 
read from die PhotoCD using the a>-ROM drive 592. This image data is stored in 

20 a video frame store 598, consisting of semiconductor memory, timing circuits, data 
paths, and address generators. High resolution images 597 are also stored on the 
PhotoCD. These are stored in digitally compressed form to reduce the time required 
to access an image, and to increase the numb^ of images diat may be stored on a 
single PhotoCD disc. These images must be decompressed by an image 

25 decompression unit 595 before bemg viewed or printed. The image decompression 
unit 595 may be implemented either as software nmning on the main processor 580, 
or as an ASIC or other digital hardware implementation. 

When a photographic image is to be printed, a print resolution digital 
image 597 of the photograph is read from the PhotoCD. This data is decompressed 

30 by the image decompression unit 595, and digitally halftoned by the digital 
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halftoning unit 515. The data is then stored in Ae fai-level image memory SOS. To 
reduce the monory requirements of the system, the image data is not stored directly 
after die decompression process. Instead, decompression aiul digital halftoning 
occur simultaneously, or in an interleaved manner using a small memory buffer. 

S For highest quali^, the digital halftoning unit SIS can implement a 

vector error diffusion algorithm. This opo'ales by sdecting the closest printable 
color in three dimensional color space to the desired Color. The difference between 
the desired Color and this printable color is determined. This difference is then 
diffused to neighboring pixels. The digital halftoning unit 515 accepts a raster 

10 ordered continuous tone (typically 24 bit per pixel) input image and generates a bi- 
level output with 4 bits per pixel (one bit for each of Cyan, Magenta, Yellow, and 
blade). This is then stored in the bi-level image memory SOS. 

When a page is to be printed, the Bi-level image memory 505 is read 
in real-time. This data is then processed by the data phasing and fault tolerance 

15 system 506. The various subsystems are coordinated by the main processor 580, or 
by one or more slave microcontrollers. 



PhvMcal cnnfipiratintt 

There are many possible physical configuratians of the invration. 

Figure 7(a) shows a top view of video printer, showing the control 
20 buttons 901 and the top edge of the papex and ink cartridge 910. 

Figure 70>) shows the same printer from side view. The pap^ and 
ink cartridge 9 10 is inserted into the printer so the paper is in contaa with the paper 
pick-up roll^ 912. When a video image is to be printed, a pre-cut sheet of paper is 
picked up from the paper and ink cartridge 910 by the paper pick-up roller 912 and 
25 moved to the paper transport rollers 65. It is dien passed braeatfa the printing head 
SO, which prints an image derived from the captured video frame. The printed sheet 
51 is ejected from the front of the device. The video capture, image processing, 
print-head control, and other circuitry is contained on a circuit board 900* The user 
controls the device by pressing control buttons 901. 
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Figure 8 shows a pmpective view of the printer, showing the 
control buttons 901 and the top edge of the pq>er and ink cartridge 910. 

The foregoing describes one embodiment of the present invention. 
5 Modifications, obvious to those skilled in the art, can be made thereto without 
departing from the scope of the invention. 



MSOOaO: <WO....JB632286A1JLj> 



wo 96/32265 PCT/DS96/04907 



-60- 



Appendix A 



LIFT head type Photo*4*600 


Tliis b a four color print bead for photograph (1 SOnrn a 100 mm) printii^. Resohitioa ii 600 dpi bi-level for 


mediiim quallly oo^ot llib prim bead can alto be iited for A6 prim^ 


Basic ipeclflcatioBi 




Reiototkm _ tfOO 4» 




Mfttheadkiiilh^ lOSnn 


WidOt^tf^rtttt encpiiuSmim 


Print bead width 5niD 


l>€ri>^fromphytiailandlayouxcefutnuntaofhuid 


Inkooton— ^ 4 


CMYK 


Puge ilacii !■■ Vboco 




Print area wkkh 100 mm 


Pixels per Sine /HtMoiiOicn 


Print area lenfdi_ 150mm 


Total len$0i €f active printing 


Page printing tfane,.^ 0.7 meonds 


Derived from Moans» lines per page end dot printing rate 


Pageapermlnme 74ppm 


60Ai2a% Sprint time in seconds) 


Bask IC process 2mscfDiiCMOS JfUeammeitdktthm 


BtaMpmeflBOiy ie(|iibemeot«.«M. 4.0 MBytes 


Bttme^ memory required/or one soon ieannoipauu) 


Pixel spaciog.^ 42J |im 


Heetproe^ ef westAetwn 


Pixels per line 2360 


Active nooks / Number pfcoiors 


lines pgpiy 3443 


Seendissanee times resehttian 


Pixe!iperpige_ 8361,480 


Pixels per One times lines per page 


Drapsperpige— — 33^3,920 


Pixels per page times sinmitaneous init colors 


Avengedabnte-^ 3.9MBytestoe 


Pixels per second •ink colors/ 9 HBiis 


QecdoDcneigypcrdrap— 1387 al 


Energy applied to heater in fitute elemera f — Mlnhowi 


Energy to print full blade pege~— S3 J 


Drt^ ejection energy times drops per page 


Recording medtum speed »- 22*0 cm^iec 


Irresolution times actuanon period times phases} 


Yield and cost 


Derivation 


• NuBDiber of chips per bead 1 


Recommendation 


Wafcrsiae ISOmmCe**) 


Recommendation 


Ch^ per wafer 24 


From chip size and recommended juieifisr site 


Print bead d# area 5.2 Gni> 


Otip width timet length 


Yield without fauh tolennoe ^—^ 3*60% 


Using Murphy's method, defea density « 1 per cnf 


Yield with fault tolersnoe—- 92% 


See fault tolerani yield calrulatioru (Dmi/cnf, CF^2) 


Functional prim beads per month 221344 


Assuming 10,000 y^efer starts per tnonA 


Print bead assembly cost— $4 


Estimate 


ftooryoveriiBad per prim bead— $15 


Based on $l20tn, cost for refiirlnshed J J pm Pah line 


amortised over 5 years, plus $l6irL PA. operating cost 


Wafer cost perprim bead—. S14 


Bated on maserialt cost of SSOO per wttfer 


4pproB. total priat bead coat — SSS 


Sum of print head attetnbly, overhead, and wttfer costs 
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AppendixA (cont'd.) 



LIFT head type Photo-4-600 



Nosxie and •ctoatlon spcclflcatloiu Herniation 



14|UB 



.1.180 

Active DQgitet per hrti! 9^440 

RedwnriMtfDazzkt per head 9/440 

Toialaocktpcrhrari IBJ80 
Dwpttiepgiiowlr SJOSIfc 
Heiierridnit 14 J iim 
Heeler Ihln fibn resitslvity—^ 2.3 (tOm 
HceterrBBtt>fioe._ 2,095 Q 
Average better pulse omcaL....^ 3.6 nA 
HeMer ective period ■■■■■■ 24 |is 

Settling ttme petwecn pnHfK 168 p» 

Qodc pubci per tmf 1349 
dockftcqoBKy 7.0 MHs 

Avenge liead drive vbhegB IZOV 

Drop ■election iri i nme l u te,-., SO^ 



Aeaiatipn phases times noixkspgrpiiaMg 
Samgasacthtnozziesfifr JCMhrnimdamy 
Active phu rtdundamnox^ 
iAheamaahm period times tumAer^phatet) 
From noBde geometry smdndhu 
For heater formed fiom TaAl 
From heater ^mertsiohM and resistMty 
Ftam heater pOHfer and rasut^tce 
Framjbdie «trm<nf svmuiatlattt 
Aethe period *(aetuaienphases''i) 
Aesimun$ mid^ple elodtsaitdno trmrfer rtgieter 
From dodt pulses per One, and Ones per secortd 
Fromrecommettded Atvice geataetry 
Heater currera * {heater ^^drvfe transittor resistance) 
Temperaaot at which eeitieal surface tension is reached 
From finite 



Ink specificatkms Dtrivaskm 



Besc mk cenierMM* 

lnk4ropv(dome_.. 18 pi 

lnkdeasity_^ 1.030fteai' 
Ink drop mm 183ig 

Ink specifk beat oqiedQT AJUnLgTC 

Max. energy fdr self Cf>n!ing 2327nlMPDp 

Toul inkpcrcrtorpcrpsgf 0.15 ml 
Maximum fadt flow me per color 0.22Bdtec 
Ml black ink coverage _ 40.2 mlAi^ 
E|ectifminksiiffBceU8lan«_ 383mN/m 
inkpressare— S.5 kPa 
Ink column beigfal ■■■ ■■ 545 mm 



Sttggestedmediodtf achieving 
From firdte element simidasions 
Bladtinkdensi^meO^ 
Ink drop votame times ink density 



threshold 



bdi drop iteot tf^ t t t city tu ne s temperat ure increase 

l>rops per page per color Anes drop eoiiaae 

ink per cehrper page /page prirtt tbne 

Udt drop votwnexeoitmx drops per tt^uttre metre 

Sutfoceterinon required for ejeetkm 

2 X Section ink surface tension /nozxie radius 

ink eohtmn height to achieve inkpressure 
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T Claim! 

1. A color video printer using a printing head comprisiDg 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 

(c) pressure means for subjecting ink in said body of ink to a 
pressure of at least 2% above ambient pressure, at least during drop selection 
and separation; 

(d) drop selection means for selecting predetmnined nozzles 
and generating a difference in meniscus position between ink in selected and 
non-selected nozzles; and 

(e) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ixdc to be 
retained in non-selected nozzles. 

2. A color video printer using a printing head comprising 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 

(c) drop selection means for selecting predetermined nozzles 
and generating a difference in meniscus position between ixik in selected and 
non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing iok to be 
retained in non-selected nozzles, said drop selecting means being csqpable of 
producing said difference in miniscus position in the absence of said drop 
separation means. 

3. A color video printer using a printing head comprising 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles, said ink 
exhibiting a surface tension decrease of at least 10 mN/m over a 30®C 
temperature range; 
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(c) drop selection means for selecting predetennined nozzles 
and generating a diffeience in meniscus position between kk in selected and 
non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ink to be 
retained in non*sel6cted nozzles. 

4. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to bi-levd image data; 

(d) a data distribution and timing system viftdch provides the bi-level image 
data to the printing head at the correct time during a printing operation; and 

(e) a bi-levd color printing mechutism including a printer having a print head 
ccnnprising: 

(1) a plurality of drop-onittBr nozzles; 

(2) a body of ink associated widi said nozdes; 

(3) pressure means for subjecdng ink ia said body of ink to a 

pressure of at least 2% above ambient pressure, at least 
during drop selection and separation; 

(4) drop selection means for selecting predetemiined nozzles and 

generating a difference in meniscus position between ixdc in 
selected and non-selected nozzles; and 

(5) drop separating means for causing ink from selected nozzles to 

separate as drops from the body of ^nir, while allowing ink 
to be retained in non-selected nozzles. 

5. A color video printing apparatus as claimed in claim 4 
where the bi-level printing mechanism is a single monolithic concurrent drop 
selection and drop separation printing head which can print to the fuU width of the 
photognq;)hic print 
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6. A color video printing apparatus as claimed in claim 4 
where the bi-level printing mechanism is composed of a plurality of monolithic 
concurrent drop selection and drop separation printing heads. 

7. A color video printing apparatus as claimed in claim 4 
where die print paper is in the form of pie-cut sheets. 

8. A color video printing apparatus as claimed in claim 4 
where the print paper is in die form of a continuous roll, and which incorporates an 
automatic paper cutter. 

9. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to bi-levd image data; 

(d) a data distribution and timing system which provides die bi-level image 
data to the printing head at the correct time during a printing operation; and 

(e) a bi-level color printing mechanism including a printer having a print head 
comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated with said nozzles; 

(3) drop selection means for selecting predetermined 
nozzles and generating a difference in meniscus position 
between ink in selected and non-selected nozzles; and 

(4) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while 
allowing ink to be retained in non-selected nozzles, said 
drop selecting means being capable of producing said 
dififeraice in miniscus position in the absence of said drop 
separation means. 

10. A color video printing apparatus as claimed in claim 9 
where the bi-level printing mechanism is a single monolithic concurrent drop 
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selection and drop separation printing head which can print to the full width of the 
photognq>hic print 

11. A color video printing apparatus as claimed in claim 9 
where the bi-level printing mechanism is composed of a plurality of monolithic 
concuirent drop selection and drop sq>aration printing heads. 

12. A color video printing apparatus as claimed in claim 9 
where the print paper is in ihe form of pre-cut sheets, 

13. A color video printing apparatus as claimed in claim 9 
where the print paper is in the form of a continuous roll^ and which incorporates an 
automatic paper cutter. 

14. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to bi-level image data; 

(d) a data distribution and timing system which provides the bi*level image 
data to the printing head at the correct time during a printing operation; and 

(e) a bi*level color printing mechanism including a printer having a print head 
comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated with said nozzles, said ink 
exhibiting a surface tension decrease of at least 10 mN/m 
over a 30®C temperature rtioge; 

(3) drop selection means fen* selecting predetnmined 
nozzles and gramting a difference in meniscus position 
between ink in sdected and non-selected nozzles; and 

(4) drop separating means for causing.ink from selected 
nozzles to separate as drops from the body of ink, while 
allowing ink to be retained in non-selected nozzles. 
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15. A color video printing apparatus as claimed in claim 14 
where the bi-level printing mechanism is a single monolithic concurrent drop 
selection and drop separation printing head which can print to the fiill width of the 
photographic print 

16. A color video printing apparatus as claimed in claim 14 
where the bi-levd printing mechanism is composed of a plurality of monolithic 
concurrent drop selection and drop separation printing heads. 

17. A color video printing apparatus as claimed in claim 14 
where the print paper is in the fotm of pre-cut sheets. 

18. A color video printing apparatus as claimed in claim 14 
where the print paper is in the form of a continuous roll» and which incorporates an 
automatic paper cutter. 

19. A PhotoC3> player incorporating a printing mechanism 
using a printing head comprising: 

(a) a plurality of drop-emitter nozzles; 

(b) a body of iiik associated with said nozzles; 

(c) pressure means for subjecting ink in said body of ink to a 
pressure of at least 2% above ambient piessuie, at least during drop selection 
and separation; 

(d) drop selection means for selecting predetermined nozzles 
and generating a difference in meniscus position between ink in selected and 
non-selected nozzles; and 

(e) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink* while aUowing ink to be 
retained in non-selected nozzles. 

20. A PhotoCD player incorporating a printing mechanism 
using a printing head comprising: 

(a) a pluraliQr of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 
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(c) drop selection means for sdecting predetennined nozdes 
and graeratingadiffmnceinxnaiascus position between ink in selected and 
ncm-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of 4nlc, while allowing ink to be 
retained in non^sdected nozzles, said drop selecting means being capable of 
producing said difforence in miniscus position in the absence of said drop 
separation means. 

21. A PhotoCD player incorporating a printing mechanism 
using a printing head comprising: 

(a) a plurality of drop-emitter nozdes; 

G>) a body of ink associated with said nozzles, said ink 
^diibiting a surface tension decrease of at least 10 mN/m over a 30^C 
temperature range; 

(c) drop selection means for selecting predeterauned nozzles 
and g^ierating a difference in meniscus position between ink in selected and 
non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink; while allowing ink to be 
retained in non-selected nozzles. 

22. A PhotoCD player incorporating a printing ^paratus 

including: 

(a) a computing elemmt; 

(b) digital data storage system; 

(c) a CD-ROM drive; 

(d) an image decompression system; 

(e) a digital halftoning system; 

(f) a bi-levd image memory; 

(g) a data distribution and timing syst^ vMch provides the bi- 
level image data to the printing head at the conect time during a printing 
operation; and 
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(h) a bi-Ievel piintiiig mechanism including a printer having a 
print head comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated vn± said nozzles; 

(3) pressure means for subjecting ink in said body of 
ink to a pressiire of at least 2% above ambient pressure, at least during drop 
selection and separation; 

(4) drop selection means for selecting predetennined 
nozzles and generating a difference in meniscus position between ink in 
selected and non-selected nozzles; and 

(5) drop separating means for causing ixik bom 
selected nozades to separate as drops from the body of ixik, while allowing ink 
to be retained in non-selected nozzles. 

23. A PhotoCD player incorporating a printing apparatus 

including: 

(a) a computing element; 

(b) digital data storage system; 

(c) a CD-ROM drive; 

(d) an image decompression system; 

(e) a digital halftoning system; 

(f) a bi-level image memory; 

(g) a data distribution and timing system which provides the bi- 
level image data to the printing head at the correct time during a printing 
operation; and 

(h) a bi-level printing mechanism including a printer having a 
print head comprising: 

(1) a plurality of drop-raiitter nozzles; 

(2) a body of ink associated with said nozzles; 

(3) drop selection means for selecting piedetmnined 
nozzles and generating a differa&oe in m^uscus position betwera ink in 
selected and non-selected nozzles; and 
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(4) diop sepaxating means for causing ink from 
sdected nozdes to separate as drops from the body of ink, while allowing ink 
to be retained in non-selected nozzles, said drop selecting means being 
capable of producing said diff^ence in miniscus position in the absence of 
said drop separation means. 

24. A PhotoCD player incorporating a printing apparatus 

including: 

(a) a computing elemrait; 

(b) digital data storage system; 

(c) a CD-ROM drive; 

(d) an image decompression system; 

(e) a digital halftoning system; 

(f) a bi-level image memory; 

(g) a data distribution and timing system which provides the bi- 
level image data to the printing head at the correct time during a printing 
operation; and 

(h) a bi-level printing mechanism including a printer having a 
print head comprising: 

(1) a plmali^ of dipp-emitter nozzles; 

Q) a body of ink associated with said nozzles, said ink 
exhibiting a surface tmsion decrease of at least 10 mN/m over a 30°C 
temperature range; 

(3) drop selection means for selecting predetennined 
nozzles and graerating a difference in meniscus position between ink in 
selected and non-selected nozzles; and 

(4) drop separating means for causing ink fram 
selected nozzles to separate as drops from the body of ink» while allowing ink 
to be retained in non-selected nozzles. 

25. A color video printer substantially as herein described, with 
reference to the accompanying diagrams. 
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ABSTRACT : PROBLEM TO BE SOLVED: To prevent the operation of the printer from being 

overlapped with the operation of charging of a main capacitor of a strobo light emitting 
section In a composite camera. 



SOLUTION: The image pickup device with a printer where the image pickup device with a 
strobo light emitting section 1 1 recording video information onto a recording medium and 
the printer printing out the video information onto recording paper are integrally provided is 
provided with a control means controlling the operation of the strobo light emitting section 
1 1 during the operation of the printer and the control means stops charging of the strobo 
light emitting section 1 1 onto a main capacitor during the printing operation of the printed. 
Furthermore, the control means stops the print operation till the charging to the main 
capacitor is finished when the print operation start button 13b to start printing is depressed 
while the main capacitor of the strobo light emitting section 1 1 of the image pickup device 
Is being charged. 
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